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Abstract:

Translation elongation is a complicated process where amino acids are added to the
peptide chain within the ribosomes for protein production. In each elongation cycle the ribosome
samples different aminoacyl tRNA (aa-tRNA) species to find a match for the mRNA codon.
There are around 40-45 different tRNA species in E. coli and on an average all of them have to
be sampled to find a match. Then the aa-tRNA transfers the amino acid to the growing peptide
chain and the deacylated tRNA leaves. For cells growing in good growth medium, the entire
cycle takes around 50 ms. Different proteins (elongation factors) are involved in different steps
of the elongations cycle, the two major ones being EF-Tu and EF-G. EF-Tu forms a ternary
complex with aa-tRNA and GTP and thus brings the aa-tRNA to the ribosome. The elongation
cycle has been studied in great detail using both bulk and single molecule experiments, but the
initial interaction of ternary complex with ribosome (specifically with L7/L12 stalk) is not
properly understood, mainly due to the lack of structural data. Using superresolution imaging
(PALM), we have studied dynamics of ternary complex and L7/L12 stalk interaction. Our results
have shown that the interaction is highly transient and multiple ternary complexes can bind to
translating ribosomes at the same time. This high binding stoichiometry can lead to high
concentration of tRNA around ribosomes for efficient translation. We have further incorporated
the effects of nutrient limitation, osmotic effects and various translation halting drug treatment

on the dynamics of EF-Tu/ternary complex
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Chapter 1:

Introduction



Inside every organism, many different complex and multi-step biological processes occur
in tandem for its efficient growth. Often, numerous proteins and macromolecular complexes are
involved in each step of the different cellular processes. To understand how these processes
work, it is important to understand how these proteins interact with each other from both
structural and temporal respect. Many of these processes share mechanistic similarities among
different organisms even though the proteins involved and the complexity varies. All cellular
organisms can broadly be characterized into 2 different groups — Eukaryotes and Prokaryotes.
Eukaryotes are multicellular organisms, such as mammals, and in these cells the different
processes occur in defined cellular compartment or organelles. Prokaryotes are single celled
organisms — like bacteria, and in these cells, there is no defined organelle. My work has been
focused on a specific bacterium called Escherichia coli or E. coli — which is a model organism,

as it has been widely studied over the years.

Most of our understanding about these cellular processes come from the in vitro
experiments performed over the years. These experiments have been instrumental in determining
the proteins involved in the different processes and their functions. Structural and biochemical
studies provide a lot of information on how these proteins interact among themselves. There are
also many different kinetic studies performed on the protein complexes which gives information
about the rate and stability of the different steps in these processes. Even though these in vitro
experiments have expanded our knowledge about the system, how a protein behaves in a live cell
might be significantly different compared to in vitro conditions. Much of the difference is
observed in the dynamics of the protein interactions because the cell is very densely packed. Due
to such crowding, the rate of interactions in a live cell can be significantly different compared to

in vitro conditions. It is known that binding constants are higher in vivo compared to in vitro



values [1]. Thus, it is important to study these systems inside a live cell to get a more accurate

understanding of their dynamics.

Studying live cell dynamics of individual proteins has been a challenging task until
recently. Fluorescence imaging is a powerful tool to visualize the interior of the cell. For this
technique, the protein of interest is tagged with a fluorophore/fluorescent protein which serves as
a proxy for the location of the protein of interest. But due to the diffraction limit of ~250 nm, it
has not been possible to study single proteins [2]. Any object below this limit cannot be resolved
in a microscope and since most proteins are ~20-30 times smaller than this limit, it has been
impossible to study individual proteins. Since the development of superresolution microscopy
techniques, it has become a lot easier to visualize individual proteins in a cell and their
interacting partners. This breakthrough initially happened around the year 1994 when Stefan Hell
invented the Stimulated Emission Depletion microscope (STED) which could achieve resolution
~10-20 nm depending on the intensity of the laser used [3, 4]. In this technique, first all the
fluorophores are excited by a laser and then the excited molecules are illuminated by a donut
shaped laser beam, which causes stimulated emission. Only the molecules at the center of the
donut beam can still show fluorescence. The power of the donut shaped beam determines the
resolution. But this technique was not completely suitable for biological samples which are

highly prone to laser damage.

In the late 90s, W.E. Moerner discovered that when a laser of specific wavelength is
shined on a variant of green fluorescent protein (GFP), it can turn its fluorescent on or off [5].
This discovery led to a revolution in fluorescence microscopy. Using this principle, in the year
2006, 3 different groups published their work on how to overcome the diffraction limit of optical

microscopy and achieve resolution as high as ~30 nm. All the 3 techniques (PALM, STORM and



FPALM) worked on very similar principle of stochastically turning the fluorophore on and off
and only imaging a single protein tagged with the fluorophore at a time [6-8]. Also, low powered
lasers can be used for these techniques which didn’t cause appreciable laser damage to the live
cells. Thus, information of a single protein as well as its interaction dynamics in live cells can
now be obtained. A schematic of the PALM technique is shown in Fig 1.1. In 2014, Stefan Hell,
W. E. Moerner and Eric Betzig were awarded the Nobel prize in Chemistry for their

contributions towards superresolution imaging.
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Fig 1.1: Schematic representation of how the PALM technique works. The protein of interest is
labeled with a photoactivatable or photoconvertible fluorescent protein. The resolution of this

technique depends on the quantum efficiency of the fluorophore.

In our lab, we use Photoactivated Localization Microscopy (PALM) to study the
dynamics of our protein of interest in a live cell. As explained above, PALM can give
information about the location of individual proteins with ~30-40 nm accuracy. Thus, we can
obtain the positional information of multiple protein molecules and monitor how these positions
change over time. By using single particle tracking (SPT) we can connect the positions over time

and thus we can generate molecular trajectories [9]. A lot of dynamic information can be
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extracted from these molecular trajectories — for instance, we can obtain the diffusion coefficient
of our protein of interest from the mean squared displacement vs time plot. We can also plot the
single step displacement distribution and by fitting the distribution with 2 or 3 populations, the
dynamics of different protein states can be obtained. It is also possible to estimate the lifetime of
the different diffusive states. In my studies, I have used such methods to study the dynamics of

the translation elongation cycle.

The central dogma of biology consists of three different processes — Transcription,
Translation and Replication [10]. In Transcription, mMRNA is produced from DNA by a protein
complex called RNA polymerase [11]. In Translation, proteins are produced from the mRNA by
ribosomes, which is a macromolecular complex made up of many different proteins and RNA
[11]. In Replication, another set of DNA or a sister chromosome is made as the cell prepares to
divide [11]. The translation process itself can be broken down into subprocesses — initiation,
elongation and termination. These processes are carried out by many different translation factors
which interact with the ribosomes in a specific sequence. During initiation, the start site of the
MRNA is identified by the ribosomes and the 50S and the 30S subunits of the ribosome assemble
together on the mRNA start site to form the 70S ribosome complex [12]. Elongation is a
multistep cycle where the tRNA anticodon is matched with the mRNA codon at the A-site and
the corresponding amino acid gets added to the growing peptide chain [13]. The cycle is repeated
to make the entire protein. Different translation factors are involved at different steps of the
elongation cycle. A schematic of the elongation cycle along with the different proteins involved
is shown in Fig 1.2. During termination, after the protein has been made, few different
translation factors help the ribosome to identify the stop site and to disassemble from the mMRNA

and break down into 50S and 30S subunits again.
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Fig 1.2: Schematic representation of the elongation cycle in the Translation process. The black
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of MRNA and the anticodon of tRNA. In this situation, the ternary complex dissociates from the

ribosome without undergoing GTP hydrolysis.

The elongation cycle consists of a complex series of events in which an amino acid gets

added to the growing peptide chain. In bacteria, the different translation factors (elongation
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factors, ‘EF’) involved are — EF-Tu, EF-G, EF-4 and EF-P. EF-Tu helps to bring the
aminoacylated tRNA (aatRNA) to the ribosomes for the start of the cycle. The EF-Tu-aatRNA
complex along with a GTP molecule is called a ternary complex. Based on the copy numbers of
EF-Tu and tRNA, and their in vitro binding constant, EF-Tu is majorly present in the ternary
complex form [14]. The ternary complex initially binds to a stalk protein on the ribosome called
L7/L12 [15, 16]. In E. coli, there are 4 such proteins per ribosome. After the ternary complex
binds to one of the L7/L12 protein, the aatRNA checks the A-site of the ribosome to see if the
codon of the mRNA and the anti-codon of the tRNA matches. If there is a match, then the GTP
of the ternary complex gets hydrolyzed to GDP and then EF-Tu leaves. The tRNA can then go
into a more favorable conformation at the A-site. The growing peptide chain on the P-site tRNA
then gets transferred to the A-site tRNA. In the next step, EF-G binds to the ribosome, also at the
L7/L12 stalk. EF-G helps with the translocation of the tRNA and the mRNA from the A to P-
site, so that a new tRNA can bind to the ribosome at the A-site again. The deacylated P-site
tRNA correspondingly gets transferred to the E-site and leaves the ribosomes thereafter. EF-P
can assist with the exit of the E-site tRNA. The entire elongation cycle takes around 50 ms to
complete when the bacteria is growing in good/rich growth medium. Thus, every step in the
cycle — from finding a match between tRNA anti-codon and the mRNA codon to the
translocation of the tRNA to the P-site occurs rapidly. Lots of in vitro kinetics study have been
done to understand the steps of the elongation cycle [17-20] but these rates are usually much
slower than the expected rates in live cells [21, 22]. Also, due to such short or transient
interaction, it has not been possible to obtain structural information about the ternary complex-

L7/L12 interaction [23]. My primary research has been aimed to understand the dynamics of the
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ternary complex — L7/L12 interaction and also the dynamics of EF-Tu overall in the cell. The

details of this work are provided in the chapter 2 of this thesis.

Translation is a very efficient process involving numerous proteins working in tandem. It
is also an extremely fast process — as mentioned above, the elongation cycle can complete in as
less as 50 ms [21, 22], with very low error frequency. Thus, understanding the mechanistic steps
involved has been of broad interest from a kinetic standpoint. The rate of the entire translation
process has been shown to vary significantly in different growth media — decreasing by a factor
of ~2 from rich to minimal media [24, 25]. It has been contested which factor is essentially
responsible for the decrease in translation rate. Few possible explanations have been — (i)
increase of rare codon usage [26], (ii) decrease in specific tRNA species [27, 28], (iii) increase in
(p)pPGpp, which is a competitor of GTP/GDP [29-32], etc. Recently, there has been a theoretical
model which states that the diffusion of ternary complex in the crowded cytoplasm determines
the rate of the translation process and ultimately the growth rate of the bacteria [24, 25, 33]. The
model further discriminates between growth media based on their carbon source and osmolality,
stating — there will be a decrease in effective ternary complex concentration in medium with
poorer carbon source and there will be a decrease in ternary complex diffusion in medium with
higher osmolality because of higher cytoplasmic crowding. These effects will lead to a decrease
in effective tRNA concentration at the ribosome for efficient translation, thus reducing the
translation rate. It has been shown that when bacteria are exposed to high osmotic shock, the
bacterial cytoplasm can lose most of its water content, increasing the crowding significantly [34].
This has a drastic effect on free protein diffusion. But when the bacterial growth is allowed to
reach steady state after the initial shock, the free protein diffusion can go back to initial value

[35]. Thus, to understand the dependence of translational rate on growth medium, it is important
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to understand experimentally what the effect of the concentration and diffusion of ternary
complex on the translation rate in different growth media is. The details of this work [36] are

described in the chapter 3 of this thesis.

As mentioned above, translation is an extremely important process for the efficient
growth of the cell. Understanding the molecular mechanisms of translation have helped in
development of many antibiotics, which can target these steps and thus halt the translation
process. There are also many naturally occurring antibiotics, isolated from various organisms,
which act as a part of their innate defense mechanism against bacterial attacks. The major issue
facing the use of these conventional antibiotics is that the bacteria can quickly gain resistance
against them. To overcome this problem a lot of focus has been diverted towards developing and
identifying new antibacterial molecules or agents which can target different bacterial processes.
One such alternative is antimicrobial peptides (AMPs) [37]. These are short, cationic peptides,
mostly found in nature, as a part of the defense mechanism of various organisms. Same organism
can even produce different AMPs which targets diverse bacterial species. A common mode of
action for most AMPs is to first disrupt the cell membrane of the bacteria which causes cellular
contents to leak out. They can also freeze the motion of the cellular content — DNA, ribosomes,
etc. which can halt many important processes which depend on diffusive search. A specific class
of AMP, called proline rich AMP (Pr-AMP), have been shown to be potent antibacterial drugs
without the membrane permeabilizing action [37]. They can enter the cells mainly through a
specific membrane transporter —SbmA transporter and most of these AMPs bind to the
ribosomes to halt translation [38, 39]. One such AMP is Oncocin112 (Oncl112). Thisis a
synthetic peptide modified from the original Oncocin, isolated from milkweed bugs. Cryo-EM

studies have shown that Onc112 can bind to the peptide exit channel, and biochemical assays
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indicate it halts the elongation cycle [40, 41]. This peptide thus has similarities with some
antibiotics, like Chloramphenicol (Cam). | have studied the molecular mechanism of the effect of
Onc112 on the elongation cycle and compared its effect with other antibiotics. This led to
identification of a previously unknown yet vital step in the ternary complex selection. The details

of the study are given in chapter 4 of this chapter.

Apart from few other secondary contributions, these were the main projects which I have

worked on. These projects have resulted in the following publications:

1. Mustafi M, Weisshaar JC. Simultaneous binding of multiple EF-Tu copies to translating
ribosomes in live Escherichia coli. mBio. 2018;9:e02143-17.

2. Mustafi M, Weisshaar JC. Near Saturation of Ribosomal L7/L12 Binding Sites with
Ternary Complexes in Slowly Growing E. coli. Journal of molecular biology.
2019;431:2343-53.

3. Mustafi M, Zhu Y, Weisshaar JC, Long-term Effects of the Proline-rich Antimicrobial

Peptide Oncocinl12 on the E. coli cytoplasm, 2019, manuscript in preparation.
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2.1 Abstract

In bacteria, elongation factor Tu is a translational co-factor that forms ternary complexes with
aminoacyl-tRNA and GTP. Binding of a ternary complex to one of four flexible L7/L12 units on
the ribosome tethers a charged tRNA in close proximity to the ribosomal A site. Two sequential
tests for a match between the aa-tRNA anticodon and the current mRNA codon then follow.
Because one elongation cycle can occur in as little as 50 ms and the vast majority of aa-tRNA
copies are not cognate with the current mRNA codon, this testing must occur rapidly. We present
a single-molecule localization and tracking study of fluorescently labeled EF-Tu in live E. coli.
Imaging at 2 ms/frame distinguishes 60% slowly diffusing EF-Tu copies (assigned as transiently
bound to translating ribosome) from 40% rapidly diffusing copies (assigned as a mixture of free
ternary complexes and free EF-Tu). Combining these percentages with copy number estimates,
we infer that the four L7/L12 sites are essentially saturated with ternary complexes in vivo. The
results corroborate an earlier inference that all four sites can simultaneously tether ternary
complexes near the A site, creating a high local concentration that may greatly enhance the rate
of testing of aa-tRNAs. Our data and a combinatorial argument both suggest that the initial
recognition test for a codon—anticodon match occurs in less than 1-2 ms per aa-tRNA copy. The
results refute a recent study of tRNA diffusion in E. coli that inferred that aa-tRNAs arrive at the

ribosomal A site as bare monomers, not as ternary complexes.

2.2 Importance

Ribosomes catalyze translation of the mMRNA codon sequence into the corresponding sequence of
amino acids within the nascent polypeptide chain. Polypeptide elongation can be as fast as 50 ms
per added amino acid. Each amino acid arrives at the ribosome as a ternary complex comprising
an aminoacyl tRNA, an elongation factor called EF-Tu, and GTP. There are 43 different aa-
tRNAs in use, only one of which typically matches the current MRNA codon. Thus ternary
complexes must be tested very rapidly. Here we use fluorescence-based single-molecule methods
that locate and track single EF-Tu copies in E. coli. Fast and slow diffusive behavior determines
the fraction of EF-Tu copies that are ribosome-bound. We infer simultaneous tethering of ~4
ternary complexes to the ribosome, which may facilitate rapid initial testing for codon matching

on a timescale of less than 1-2 ms per aa-tRNA.
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2.3 Introduction

In protein synthesis, the elongation cycle comprises an elaborate sequence of steps (1, 2).
After an aminoacyl-tRNA (aa-tRNA) binds to the ribosome, it is tested for a match between its
anticodon and the current mMRNA codon. When a cognate aa-tRNA is found, peptide bond
formation occurs and the tRNAs and mRNA translocate through the ribosome, enabling the cycle
to begin again. In bacteria, the codon recognition step is catalyzed by elongation factor Tu
(EF-Tu), a GTPase. Its eukaryotic homologue is called eEF-1A (3). The translocation step is

catalyzed by a second GTPase called elongation factor G (EF-G) (2).

In the standard mechanistic model of E. coli translation (1, 2), aa-tRNA binds to the
ribosome as a ternary complex: aa-tRNA-EF-Tu(GTP). The ternary complex is recruited to the
ribosome by binding to one of four L7/L12 sites that protrude from the stalk of the ribosome, as
shown schematically in Fig. 2.1A (4). L7 is identical to L12 except for an acylated N-terminus.
Biochemical evidence indicates that the binding interface juxtaposes the C-terminal domain of
L7/L12 Domain 1 of EF-Tu (5, 6). The ribosomal stalk thus tethers aa-tRNA copies in close
proximity to the ribosomal A site, where they can be tested for a codon match. In good growth
conditions, E. coli can carry out elongation at a rate of ~17-20 aa/s, implying that the mean time
to carry out a complete elongation cycle can be as short as 50 ms (7, 8). Since the vast majority
of aa-tRNA copies carry a non-cognate or near-cognate anticodon that does not match the current
MRNA codon (9), testing of individual aa-tRNAs for a codon match must be very rapid. A recent
global theory of bacterial metabolism suggested that the diffusive search of EF-Tu for its

ribosomal binding site is the step limiting the overall growth rate (10).

The sequence of events leading from the initial binding step to codon recognition and

peptide bond formation has been dissected in remarkable detail by a groundbreaking series of
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rapid-mixing kinetics experiments carried out in vitro and summarized in Refs. (1) and (9).
Single-molecule studies in vitro have helped to further refine the detailed sequence of
mechanistic steps (11, 12). The inferred mechanism includes two consecutive stages of codon
discrimination: initial selection and subsequent proofreading, with multiple intermediate states
delineated for both stages (1). The overall mechanism enables cognate aa-tRNAs to proceed
rapidly to accommodation in the A site, while rapidly rejecting non-cognate and near-cognate
aa-tRNAs. Most recently, a detailed set of in vitro transition rates has been optimally scaled to
form a theoretical set of in vivo, codon-specific transition rates that yield the correct overall
translation rate in exponentially growing E. coli (9). These optimized in vivo transition rates were
then used to predict codon-dependent translation speeds, codon-specific translation dynamics,
and missense error frequencies. The good agreement of the model predictions with experiment

serves to validate the new method for transforming detailed in vitro rates into useful in vivo rates.

The E. coli ribosomal stalk (schematic in Fig. 2.1A) comprises the L11 protein which binds
to rRNA and forms the base of the stalk, the protruding L10 protein which binds to L11 via a
flexible connection, and four L7/L12 copies which bind to L10 as a pair of dimers (4). Each
L7/L12 has three domains. The N-terminus binds to L10, and a flexible hinge connects the
N-terminus to the C-terminus. A compelling body of biochemical evidence detailed in Ref. (4)
and summarized below indicates that the C-terminal domain of L7/L12 binds to helix D of
EF-Tu within the ternary complex. The only structural evidence for L7/L12 binding to EF-Tu
comes from a cryo-EM reconstruction at 1.8 nm resolution (13). The structure suggests a bridge
between Domain 1 of EF-Tu (the G domain) and the L7/L12 stalk, in agreement with inferences
from the biochemical data. A comprehensive model of ribosomal stalk structure and function

suggested that the four highly mobile L7/L12 C-terminal domains serve to efficiently recruit
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ternary complexes to the ribosome and to help stabilize the active GTPase conformation of EF-
Tu (4). However, there is no crystal structure that reveals the molecular-level details of the initial
binding step of the ternary complex to the ribosome. In all high resolution structural studies to

date, the L7/L12 stalk is highly mobile and does not yield discernible electron density (2).

We and others have used live-cell, single-molecule fluorescence methods to study the
spatial distribution and diffusive properties of a variety of proteins in E. coli (14, 15). In a typical
experiment, the protein of interest is expressed from the chromosome as a fusion to a
photoconvertible fluorescent protein. A weak laser at 405 nm switches the absorption and
emission wavelengths of literally one or two protein copies per cell. A more powerful probe laser
then enables selective excitation, localization, and tracking of the sparse photoswitched copies
until they photobleach. For high copy number proteins, this enables the acquisition of thousands
of single-molecule trajectories from each cell over tens of seconds. The spatial localization
accuracy is typically o ~ 40-80 nm, and the temporal resolution can be in the low-millisecond
range (16). In favorable cases, the diffusive properties of a single copy can be related to its

biochemical function at a given moment in time.

Here we present a single-molecule localization and tracking study of EF-Tu in E. coli. EF-
Tu is labeled at the C-terminus with the 26 kDa (17) photoconvertible fluorescent protein mEos?2
(18). Measurement of a large number of short-lived diffusive tracks at 2 ms/frame enables an
approximate decomposition of the EF-Tu population into two sub-states. We call these states
slow (assigned as copies transiently bound to translating, 70S ribosomes, including polysomes)
and fast (copies not bound to ribosomes, presumably mostly EF-Tu within free ternary
complexes). Accordingly, the slow copies (~60%) concentrate in the three ribosome-rich regions

where most translation occurs, outside the nucleoids (15, 19).
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Combining the new diffusion data with copy number estimates for ribosomes and EF-Tu
indicates that the four L7/L12 sites are essentially saturated with EF-Tu copies in vivo. This new
result corroborates the earlier inference from in vitro kinetics measurements that all four E. coli
L7/L12 sites are actively engaged in recruiting ternary complexes to the ribosome (4). The
timescale of binding events indicates that free ternary complexes find translating ribosomes
extremely efficiently, in good quantitative agreement with the recent model of in vivo kinetics
(9). Evidently aa-tRNA copies are tested for a match to the current codon on a timescale of 1-2
ms or less, in further agreement with the in vivo model. Simultaneous binding of four ternary
complexes to each translating ribosome may greatly enhance the rate of testing (4). Finally, the
results refute the main conclusion from a recent single-molecule tracking study of tRNA
diffusion in E. coli (20). That work inferred that most aa-tRNAs are monomeric and freely

diffusing, arriving at the ribosomal A site as bare aa-tRNAs, not as ternary complexes.

2.4 Results

2.4.1 Comparison of axial spatial distributions of EF-Tu and ribosomes

Essentially identical copies of EF-Tu are expressed by two genes in E. coli: tufA and tufB
(21). We have fused the gene coding for the photoconvertible fluorescent protein mEos?2 to the
C-terminus of both endogenous genes within the chromosome in the E. coli strain NCM3722 and
then moved the fusions to the VH1000 background strain for further study (Table A2.1A).
Labeling of all copies of EF-Tu with mEos2 ensures that there is no competition with unlabeled
copies. Domain 3 of EF-Tu binds to tRNA and includes the C-terminus, but mEos2 is appended
on the face opposite to the tRNA binding site. In “EZ rich, defined medium” (EZRDM), the
doubling time at 30°C of the modified strain expressing EF-Tu—-mEos2 from the chromosome is

60 £ 3 min, compared with 45 £ 2 min (19) for the unlabeled VH1000 background strain (Fig.
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A2.8). Evidently the labeling does not greatly affect the functionality of EF-Tu, an essential

protein.

Our goal is to use diffusive properties to distinguish ribosome-bound EF-Tu from EF-Tu not
bound to ribosomes. The mass of bare EF-Tu-mEos2 is 69 kDa, 26 kDa of which is due to
mEos2. The mass of a typical labeled ternary complex including mEos2
(aa-tRNA-EF-Tu(GTP)-mEos2) is ~95 kDa. We would expect the diffusion coefficient of free
ternary complexes (not bound to ribosomes) and of free, bare EF-Tu in the cytoplasm to be
similarly fast, perhaps 4-8 um?-s* (22, 23). Short diffusive trajectories with significant
localization error will not be able to distinguish free ternary complexes from bare EF-Tu; we use
“fast EF-Tu” to denote a composite of these two species. Below we will argue that a large
majority of these fast EF-Tu copies are bound within ternary complexes. In contrast, the
ribosome mass is ~2.5 MDa (24, 25) and translating 70S ribosomes in exponentially growing E.
coli exist primarily as polysomes (15, 19, 26). The mean 70S ribosome diffusion coefficient
under these fast imaging conditions is ~0.1 pm?-s* (Appendix). EF-Tu copies that are bound to

translating 70S ribosomes should diffuse similarly slowly.

It was previously shown that in our moderately fast exponential growth conditions, E. coli
exhibits strong segregation of the two major nucleoid lobes from the 70S ribosomes (19). The
projected axial distribution of ribosomes within the cytoplasm typically has three peaks, with the
two nucleoid lobes interleaving three “ribosome-rich regions”. In contrast, free 30S and 50S
subunits readily penetrate the nucleoid regions (15, 19, 27). Segregation of 70S ribosomes from
the chromosomal DNA may serve to enhance the efficiency of recycling of 30S and 50S subunits
and also the efficiency of the search for transcription initiation sites by RNA polymerase. The

slowly diffusing EF-Tu ternary complexes bound to 70S ribosomes should also exhibit a three-
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peaked axial distribution, while rapidly diffusing, free EF-Tu should be distributed more

uniformly.

We imaged EF-Tu—mEos2 molecules in cells by photoactivating and locating fluorophores,
connecting locations over multiple frames to form trajectories of individual molecules (28).
Details are provided in Methods and in Appendix. To enable efficient superresolution imaging of
rapidly diffusing molecules, the exposure time was 2 ms/frame with continuous laser
illumination. The number of switched-on copies per cell was limited to

0-2 molecules per frame to avoid spatial overlap of the single-molecule features.

Several example trajectories from a single cell are shown in Fig. 2.1B. In constructing axial
spatial distributions that combine data from many cells, we included only cells which were 4-5
pm in tip-to-tip length to minimize blurring of features. From 201 such cells, we obtained 4221
EF-Tu—mEos2 trajectories which lasted at least 6 steps
(7 camera frames, or 12 ms total duration). All localizations were included in the spatial
distributions. The axial and radial cell dimensions were normalized and the relative molecular
positions were pixelated and plotted to obtain a two-dimensional heat map of the EF-Tu spatial
distribution (Fig. 2.1C, top). The map shows that EF-Tu is distributed over the entire cytoplasm,
but the distribution is not homogeneous. For comparison, in Fig. 2.1C (bottom) we show the heat
map for ribosomes with the 30S subunit labeled by the endogenously expressed S2-mEos2
protein at the C-terminus as before (19) and imaged under the same conditions used for EF-Tu.
Again, trajectories of 6 steps or longer in cells of 4-5 um length were included. As shown
qualitatively by the heat maps of Fig. 2.1C and quantitatively in the projected axial distributions
of Fig. 2.1D, ribosomes exhibit substantially greater segregation from the nucleoids than EF-Tu.

The total EF-Tu distribution does exhibit three peaks, but they are less sharply defined. This
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indicates that at a given moment, only a fraction of EF-Tu-mEo0s2 copies are associated with 70S

ribosomes.
2.4.2 Diffusion of EF-Tu

For the diffusion study, we used 1912 trajectories of 6-step duration or longer, obtained
from 118 different cells. Longer trajectories were truncated at 6 steps. The exposure time was
2 ms/frame. The mean diffusion coefficient Dmean Can be estimated from a plot of the
two-dimensional mean-square displacement vs lag time, MSD(t), using the slope of the first two
data points. This provides a population-weighted average of diffusion coefficients over the
different states of the molecule. The MSD slope accounts for localization error, but does not
account for confinement effects. In Fig. 2.2 we compare MSD plots for wild-type (WT) EF-Tu
and ribosomes. The mean diffusion coefficients are 2.02 + 0.19 pm?/s for EF-Tu and
0.4 + 0.1 pm?-s* for ribosomes. The mean value for EF-Tu is consistent with the existence of at
least two diffusive states, a fast, rapidly diffusing EF-Tu state and a slow, ribosome-bound state.
The intercept of the MSD plot provides an estimate of the mean localization accuracy ¢ ~ 60 nm

(29).

In order to quantify the fraction of ribosome-bound EF-Tu copies, the same truncated
trajectories were divided into individual steps with At = 2 ms between camera frames. This
attempts to isolate short time intervals during which EF-Tu remains in one particular diffusive
state (16). The resulting distribution of experimental single-step displacements, Per.tu(r), is
shown for 11,472 individual steps in Fig. 2.3A. We analyze such P(r) distributions by
comparison with a large number of simulated random walk trajectories that incorporate dynamic

localization error o and confinement within a spherocylinder that mimics the dimensions of an E.
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coli cell. Details are provided in Appendix. For each chosen model diffusion coefficient D and
measurement error o, the simulations provide a numerical function we call Pmodel(r;D). We
attempt to fit the experimental distribution P(r) using least-squares to a single population or to a
weighted average of two static populations. The goodness of each fit was judged by the reduced
chi-square statistic 2, which should be approximately one for an appropriate model function
(30). For a one-state model the only fitting parameter is D. For unconstrained models including
two static (non-exchanging) states, the fitting function is the linear combination

Prmodel(r) = fsiowP(r;Dsiow) + (1 — fsiow)P(r; Drast). Here the three fitting parameters are Drast, Dsiow,

and the fractional population fsiow, Which in turn fixes frast = (1 — fsiow).

One-component fits to the Per-tu(r) were poor, with minimum y,? = 9.7 (Fig. A2.1B). Fits to
two non-exchanging diffusive states were substantially better. The best value of y,? was 1.24,
obtained using model parameters fsow = 0.60 % 0.05, Dsjow = 1.0 + 0.2 um?/s, frast = 0.40 + 0.05,
and Drast = 4.9 = 1.2 um?/s (Table 2.1). The best-fit two-state model result is plotted in Fig. 2.3A
and resolved into the two separate contributions. The parameter uncertainties are based on the
range of parameters that return reduced chi-square values within 0.5 units of the best value, as
detailed in Appendix. Parameter sets with y,? values still larger were judged by eye to be
qualitatively poor. The best two-component constrained fit to Per-tu(r) with Dsiow fixed at
0.1 pm?2-s (to match the slow, 70S component of the ribosome diffusion data) has
vw? = 2.5 (Fig. A2.1A), much worse than the global best-fit value of 1.24. Our constrained search

for three-component fits did not reduce ¥, significantly (Appendix, Fig. A2.1C).

While the static two-state model fits the data reasonably well (Fig. 2.3A), if it were
completely adequate then a value of .2 as large as 1.24 would be statistically highly unlikely

(p ~ 0.01). Here we must recognize that the true diffusive behavior of EF-Tu is surely a
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composite of many diffusive states: free EF-Tu and free ternary complexes (to which the fast
diffusion is assigned), and EF-Tu bound to 70S ribosomes and polysomes of variable length (to
which the slow diffusion is assigned). Under our fast imaging conditions, the distribution of
measured step lengths for the slower population is dominated by the measurement error, not by
true displacement of the tracked species. There is also the likelihood of transitions between these

states on the 2-ms timescale of the single-step displacement measurements; see below.

What is robust in the fitting results is the fraction of rapidly diffusing copies having
Drast ~ 4.9 um?/s. The best-fit fraction fst is 0.40 + 0.05 in the two-state modeling and 0.35
0.05 in the three-state modeling. Such a fraction of fast molecules is evidently necessary to fit the
long tail on the distribution Per-tu(r) (Figs. 2.3A and A2.1C), and that is the part of the
distribution least perturbed by measurement error. In addition, the value Drast ~ 4.9 pm?/s will be
confirmed below in studies of cells treated with the drug rifampicin. The main conclusion of this
work, that ~60% of EF-Tu copies are not in the rapidly diffusing states over the 2-ms frame time
of the measurements, appears quite robust. In what follows, we proceed with further analysis of
the two-state model results under the assumption that they represent the partitioning into
ribosome-bound and unbound EF-Tu copies fairly accurately. Separate axial distributions for
slow and fast steps (below) will further corroborate the assignments of the fast and slow

components.

The best-fit value Dsiow = 1.0 = 0.2 pm?-s* for EF-Tu is ten times larger than the estimated
diffusion coefficient of the slow component of the ribosome distribution Prino(r), which has a
diffusion coefficient of 0.1 + 0.1 pm?2-s (Fig. A2.2 and Table 2.1). Importantly, fits to two-state
model functions with the slow diffusion constrained to match that of the 70S ribosomes were

much worse (Fig A2.1A). This suggests to us that the slow component of EF-Tu diffusion is
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itself a composite state comprising two sub-states that exchange with each other during the 2-ms
camera frame: EF-Tu bound to 70S ribosomes (with mean lifetime ton) and free EF-Tu or free
ternary complexes (with mean lifetime tofr) Sequestered in the ribosome-rich regions and
diffusing freely between ribosome binding events. Here o, is the mean time a ternary complex
spends bound to a 70S ribosome and toff iS the mean time a ternary complex spends searching for
a ribosomal binding site, with both times referring to ternary complexes within the ribosome-rich
regions.

If this is essentially correct, then we can infer that (ton + Toff) < 2 ms. If we assume that

Drast = 4.9 pm?-st applies to the free EF-Tu and ternary complex components in the ribosome-
rich regions, then the sequestered EF-Tu copies are spending ~80% of the time actually bound to
ribosomes and ~20% of the time in transit between ribosome-binding sites. Those are the
population fractions that yield the correct weighted average diffusion coefficient:

Dsiow = 1.0 um?-s1=0.2 x 4.9 pm?-s+ 0.8 x 0.1 pm?-s%, The corresponding lifetime ratio is
Ton/Toff ~ 4. According to this interpretation, within the ribosome-rich region EF-Tu copies are
exchanging between the ribosome-bound and free EF-Tu states so fast that our 2-ms camera
frames can only report on the average diffusive behavior of the bound and free states. As

discussed below, such short on- and off-times make good biochemical sense.

To test the assignment of the slow population to ribosome-bound EF-Tu, we plotted separate
axial location distributions for the slowest (step length r < 0.1 um) and fastest (r > 0.2 um)
components of Per_tu(r). The arrows in Fig. 2.3A mark these cutoffs. According to the best two-
state model, the slow cutoff includes steps of which ~80% belong to the slow population, while
the fast cutoff includes steps of which ~90% belong to the fast population. The location of each

step was assigned as the midpoint of the first and second locations, and the axial coordinates
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were scaled and normalized as before. The results are shown in Fig. 2.3B in comparison with the
total ribosome axial distribution. The three-peaked distribution of slow steps extends into the
endcaps as the ribosomes do. The distribution of fast steps avoids the ribosome-rich endcaps and
is perhaps mildly concentrated in the nucleoid regions. These results are consistent with the slow
population preferentially residing within the ribosome-rich regions due to transient binding to

70S and the fast population preferentially residing within the nucleoids.
2.4.3 Effects of Rifampicin

To better characterize the diffusive properties of free EF-Tu/ternary complex, we treated
exponentially growing cells with 250 ug/mL of the antibiotic rifampicin (Rif) for three hours
prior to plating and imaging of EF-Tu-mEos2. Rif halts transcription and thus effectively stops
MRNA production (31, 32). On a timescale of 10 min, the existing mMRNA is degraded. Lacking
MRNA to translate, the 70S polysomes dissociate into free 50S and 30S subunits. We used 792
trajectories which lasted at least 6 steps or longer from 58 cells to plot the spatial distribution of
EF-Tu under Rif treatment. The selected cell lengths varied from 3-4 um; after Rif treatment,
the distribution of cell lengths shifts towards smaller values. The heat map shows a fairly
uniform distribution of EF-Tu along the long axis of the cell, but with the endcaps partially
excluded (Fig. A2.4A). As shown earlier (31), under Rif treatment the nucleoids expand to fill
the cytoplasmic volume fairly homogeneously. The 30S and 50S ribosomal subunits mix with
the expanded DNA; they also occupy the cytoplasmic volume fairly uniformly. The EF-Tu

distribution is similar.

We used 1181 trajectories from 78 cells for the EF-Tu diffusive state analysis after Rif
treatment. All trajectories of 6 steps or longer were truncated at the sixth step as before. The

mean EF-Tu diffusion coefficient obtained from the MSD(t) plot increases to 3.5 + 0.4 pm?/s
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(Fig. 2.2). This is larger than that of EF-Tu in normally growing cells, 2.02 + 0.09 pm?/s.
Accordingly, under Rif treatment the two-state analysis of Pee-tu(r) (Fig. A2.4C) finds

fsiow = 0.35 + 0.05 of EF-Tu that moves with Dsiow = 1.5 + 0.5 um?/s, slightly larger than the
value of Dsiow = 1.0 + 0.2 pm?-st in untreated cells (Fig. 2.3A). A larger fraction

frast = 0.65 + 0.05 of EF-Tu moves with the same Drast = 4.9 + 1.5 pm?/s found for untreated cells.
The results after Rif treatment suggest the possibility of some residual binding of EF-Tu/ternary
complex to ribosomal subunits, perhaps to the same L7/L12 binding sites on 50S. This is only a

suggestion, but it is supported by the results for a mutated variant of EF-Tu presented next.
2.4.4 EF-Tu L148A mutant

Rodnina and co-workers (5) studied the effects of point mutations within the

C-terminus of L7/L12 and within helix D of EF-Tu on the kinetics of initial binding of ternary
complex to ribosomes. The mutation sites were chosen by analogy to the well characterized
structure of the EF-Ts/EF-Tu complex. The mutations that caused a substantial decrease in the
association rate constant ki were used to model the important contacts in the complex between
L7/L12 and EF-Tu. The particular mutation L148A in EF-Tu decreased k; by a factor of 5. To
probe this interaction in vivo, we engineered a plasmid containing the same L148A mutation to
EF-Tu appended to a C-terminal mEos2 label (Table A2.1). The mutated protein was expressed
in the same background strain VH1000 along with WT protein expressed normally from the

chromosome to enable normal cell growth.

We obtained 1160 trajectories of 6 steps or longer from 153 cells to study the diffusion of
EF-Tu"**8A_mEos2. The mean diffusion coefficient from the MSD plot is 3.1 + 0.3 pm?-s*
(Fig. 2.2). This is larger than the mean value 2.02 + 0.19 um?s for normal EF-Tu-mEos2,

consistent with a smaller degree of binding of the mutated protein to ribosomes. Accordingly, the
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two-component P(r) analysis of mutant protein diffusion finds fsiow = 0.30 + 0.05 (two-fold
smaller than for the normal protein) with Dsiow = 1.2 + 0.5 pm?/s and frast = 0.70 + 0.05 with

Dtast = 4.5 + 1.0 um?s (Fig. 2.4C). The location heat map and the axial spatial distribution for the
EF-Tu“**8A mutant (Fig. 2.4A, B) show that the mutated protein is fairly uniformly distributed
throughout the cell, with only a hint of three peaks. These results indicate substantially less
binding of the EF-Tu*8A mutant to ribosomal sites, in qualitatively agreement with the mutation
studies in vitro (5). The agreement helps to corroborate our underlying assumption that ternary
complexes are binding to L7/L12 ribosomal subunits in vivo; see Discussion for a summary of

additional biochemical evidence.

To control for possible effects of overexpression of the L148A mutant from the plasmid, we
constructed an analogous plasmid that expresses WT EF-Tu-mEos2 and incorporated it into the
same VH1000 background strain. The spatial distribution and diffusive properties of the
EF-Tu-mEos2 copies expressed from the plasmid were qualitatively similar to those of

EF-Tu-mEos2 expressed from the chromosome (Fig. A2.5).

To test for possible binding of the mutant form EF-Tu*8A to free 50S ribosomal subunits,
we obtained 993 trajectories of 6 steps or longer from 83 cells after the 3-hr Rif treatment. The
slope of the MSD plot increases to 5.2 + 0.4 um?-s™ (Fig. 2.2), compared with 3.5 + 0.4 pm?/s
for WT EF-Tu after Rif. The P(r) distribution is fit qualitatively by a single population with
D =5.7 + 1.0 pm?-st (32 = 1.5). The best two-component fit yielded fsiow = 0.10 + 0.05, Dsiow =
1.9 + 1.2 um?-s2, frast = 0.90 + 0.05, Drast = 5.6 + 1.2 pm?-s%, and .2 = 1.2. The analysis
indicates that after Rif treatment, most EF-Tu“#8A is diffusing essentially freely, perhaps
primarily as ternary complexes. Evidently the mutant protein exhibits little or no binding to free

30S or 50S subunits.
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2.4.5 Numerical estimates and comparisons with theory

The present results can be combined with literature estimates for relative copy numbers of
ribosomes, EF-Tu, EF-G, tRNAs, and aa-tRNA synthetases to provide semi-quantitative insight
into the partitioning of EF-Tu and tRNA across functional states and the time-averaged
stoichiometry of the species bound to a translating ribosome. Under the same growth conditions
used here (30°C in EZRDM), we previously estimated ~50,000 30S ribosomal subunits per cell,
some 80% of which (~40,000 copies) are engaged as translating, 70S ribosomes (15). Mean copy
number estimates for EF-Tu, total tRNA, EF-G, and total aa-tRNA synthetase (Table A2.2) were
derived from the ribosome copy number and from literature values of the ratio of each species’
copy number to that of ribosomes. It was not possible to match strains, growth conditions,
growth rate, and temperature, so we chose to match the growth rate (~1 doubling/hr). We hope
these rough estimates will help constrain future models of overall E. coli translation rates. Their
biological significance will be discussed further below. Details of the calculations and
underlying assumptions are provided in Appendix; here we summarize the estimates. The
primary assumption is that EF-Tu binds to translating ribosomes via contact with the C-terminus

of L7/L12. This is justified in the Discussion.

The time-averaged stoichiometry of EF-Tu and tRNA binding to a translating 70S ribosome
can be estimated from the fraction of EF-Tu copies bound to ribosomes combined with copy
number estimates from other studies. There are 61 different codons and 43 different aa-tRNA
types (43 different ternary complexes) used by E. coli (9). Forty-eight codons match only one
type of ternary complex, 12 match two types, and one matches three types. This means that the

ribosome is usually testing and rejecting non-cognate or near-cognate aa-tRNAs. The A site is
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most frequently occupied by an aa-tRNA within its ternary complex, still tethered to L7/L12

(prior to codon selection, GTP hydrolysis, and ejection of EF-Tu) (9).

Under our growth conditions of 30°C in EZRDM, we estimate the following mean copy
numbers per cell: ~40,000 translating 70S ribosomes (concentrated in three ribosome-rich
regions) (15), ~10,000 free 30S subunits, ~10,000 free 50S subunits, ~350,000 total EF-Tu
copies (10, 33), ~350,000 total tRNA copies (34), ~50,000 EF-G copies (which compete with
EF-Tu for L7/L12 binding sites) (33), and ~50,000 aa-tRNA synthetases (33). The new data
suggest that ~210,000 EF-Tu copies (60%, the “slow” copies) are ternary complexes that occupy
the ribosome-rich regions, where they are bound to 70S ribosomes ~80% of the time
(~170,000 ribosome-bound ternary complexes plus ~40,000 free ternary complexes). Thus we
estimate as many as ~170,000/40,000 = 4 ternary complexes bound to each translating ribosome.
This indicates that the four L7/L12 subunits in E. coli are essentially saturated with ternary
complexes. However, EF-G must also bind to L7/L12 in order to drive translocation on those
rare occasions when a cognate aa-tRNA is accommodated in the A site and forms a new peptide
bond. In our estimate, we assume the average occupancy of the four L7/L12 units is 3.5 ternary
complexes and 0.5 EF-G copies. The remaining ~180,000 EF-Tu copies partition into ~70,000
free ternary complexes plus ~110,000 free (bare) EF-Tu. The overall partitioning of EF-Tu
between ternary complexes and free EF-Tu is corroborated by an equilibrium calculation based

on the aa-tRNA/EF-Tu binding constant in vitro (35).

For partitioning of the ~350,000 total tRNA copies, we estimate that on average each 70S
ribosome binds one tRNA at the A site (usually tethered to L7/L12 by a bridging EF-Tu), one in
the P-site, one-half tRNA in the E site (an average over ‘“2-1-2” and “2-3-2” models (36, 37)),

plus an additional ~2.5 tRNAs bound to the other three L7/L12 sites. Recall that EF-G is
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assumed to take up 0.5 L7/L12 binding sites. Thus averaged over time, ~5 tRNAs are bound to
each 70S ribosome (~200,000 tRNAs bound to ~40,000 translating ribosomes, comprising
~140,000 tRNA within ternary complexes and ~60,000 tRNA at the P- and E-sites). The
remaining ~150,000 tRNA copies not bound to 70S are estimated to partition among three states:
~50,000 copies being recharged by aa-tRNA synthetases, ~100,000 copies within free ternary
complexes, and only ~400 free tRNA. These estimates are based in part on an equilibrium

calculation using the in vitro binding constant of aa-tRNA with EF-Tu (35).

In addition, our new data are in sensible agreement with two rate constants from a model
that optimally scaled a detailed set of in vitro rate constants to derive a set of theoretical in vivo
rate constants describing the multi-step process of the elongation cycle (9). Again, details are
presented in Appendix. First we use the pseudo-first-order rate tors X and the 70S ribosome
concentration to estimate a lower limit on the effective bimolecular association rate constant k:
for binding of a typical non-cognate ternary complex to an L7/L12 subunit of a 70S ribosome
within the ribosome-rich regions. The result is ki = toff /[70S] > 4.5 x 10" ML, This is
remarkably fast, at least 1/6 of the calculated diffusion-limited rate constant
kaitt = 3.2 x 108 Ms. As suggested earlier (4), ki (which is expressed on a per ribosome basis)
may be especially large due to the four L7/L12 binding sites per ribosome and the length and
flexibility of the linkages between ribosome and the C-terminal domain of L7/L12. The
theoretical in vivo estimate for the analogous kon* (Table 2 of Ref. (9)) at 1.07 doublings/hr and

37°Cis 9.4 x 10’ M's’%, twofold larger than our lower limit on ki.

We can also compute a lower limit on the unimolecular dissociation rate of EF-Tu (usually
as part of a ternary complex) from the ribosome, k-1 = ton™ > 625 s at 30°C. The value of k.1 is

temperature sensitive. If we apply an Arrhenius-based correction factor of 2.1 to our k1 at 30°C
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(details in Appendix), the estimated value at 37°C becomes k.1 > 1250 s%. This is consistent with
the theoretical in vivo rate constant for 1.07 doublings/hr at 37°C, wos* = 1700 s (Table 2 of

Ref. (9)).
2.4.6 Disagreement with a recent tRNA tracking study

In violation of the standard model of aa-tRNA recruitment, a recent single-tRNA tracking
experiment from the Kapanidis lab inferred that a large majority of tRNA copies exist as free
tRNA, bound neither to EF-Tu in ternary complexes nor to the aminoacyl-tRNA synthetase (20).
They electroporated a small number of tRNA copies fluorescently labeled with Cy5 dye into
E. coli and tracked the motion of single molecules. A large fraction (70-90%) of the tRNA-Cy5
copies diffused very rapidly (corrected Dirna ~ 8 pm?2-s1). These copies were attributed to free
tRNA (not bound within ternary complexes). The conclusion was that diffusion of free aa-tRNA,
not ternary complexes, must be the primary means of delivery of aa-tRNA to the ribosomal A
site. The remarkably large fraction of free tRNA copies was deemed possible based on the
assumption that only two tRNA copies are bound to each ribosome (one each in the A and P
sites). The rationale given for the small estimated fraction of ternary complexes (20) was that
EF-Tu can bind to membrane-bound MreB, as evidently occurs in both B. subtilis and E. coli
(38-40). This would remove EF-Tu from the cytoplasm and make it less available for ternary
complex formation. However, the EF-Tu copy number is about 100 times larger than that of
MreB (33). In addition, we find no evidence in our EF-Tu spatial distribution of significant
binding to the cytoplasmic membrane, where MreB resides. In contrast, our numerical estimates
based on an average of ~3.5 ternary complexes bound to the four L7/L12 sites indicate ~5 bound
tRNA per ribosome. Finally, our equilibrium calculations suggest that only ~1% or less of total

tRNA should exist as free tRNA.
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One potential weakness of the electroporation method (20) is that the few labeled tRNA
copies in each cell must compete with the 350,000 endogenous tRNA copies for aminoacylation,
ternary complex formation, and binding and processing by the ribosome. Although the labeled
tRNA-Cy5 species was shown to be functional in vitro, it is difficult to know how well
tRNA-Cy5 copies compete with endogenous copies in each functional step in vivo. It seems
possible that the synthetase recognizes tRNA-Cy5 poorly, or that aa-tRNA-Cy5 forms ternary
complexes poorly in vivo, or that these complexes bind 70S ribosomes weakly, or that Cy5

fluorescence is somehow quenched in ternary complexes so that they are not detected.
2.5 Discussion
2.5.1 Rapid testing of aa-tRNA copies for a codon-anticodon match

In rapidly growing E. coli, the mean protein elongation rate can be as fast as 20 aa/s. Single
elongation cycles must be carried out in less than ~50 ms (7). There are 61 different codons and
43 different aa-tRNA types (43 different ternary complexes) (9). Forty-eight codons match only
one type of ternary complex, 12 match two types, and one matches three types. Fully 40 unique
codons are used with at least 1% frequency (41). For a given mRNA codon poised at the 30S
decoding site, the average chance that a particular ternary complex carries a cognate (completely
matching) aa-tRNA anticodon is roughly 1 in 40. This means that on average, approximately
40 different ternary complexes must be sampled before a cognate aa-tRNA is found. (See
Appendix for the probabilistic calculation.) Sampling and testing of these complexes must occur
faster than the complete elongation cycle time of 50 ms, suggesting an upper limit of ~1 ms on

the average time taken for ternary complex evaluation.
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Selection for cognate aa-tRNA is a two-stage process (1, 9). Essentially all non-cognate
ternary complexes and a large majority of near-cognate ternary complexes dissociate from
L7/L12 in the initial recognition stage, prior to GTP hydrolysis by EF-Tu. This can be seen from
the “theoretical in vivo” rate constants of Lipowsky and co-workers (9). Those events should
dominate our single-molecule observations. The small fraction of near-cognate ternary
complexes that pass through the initial stage are efficiently rejected in the proofreading stage,
which occurs after GTP hydrolysis (9). Only cognate aa-tRNAs move forward rapidly through

both stages, efficiently achieving A-state accommodation.

Our single-molecule tracking study provides some new insight into the spatial distribution
and timescale of binding and unbinding events between EF-Tu (ternary complexes) and
translating ribosomes in E. coli. These methods cannot dissect binding events for cognate vs
near-cognate vs non-cognate ternary complexes. Instead, the measurements probe the timescale
of the initial, codon-independent binding and unbinding with L7/L12. The new in vivo results
corroborate several mechanistic inferences previously gleaned from a large body of in vitro
kinetics measurements (1). Evidently the high concentration of ternary complexes, the
segregation of 70S ribosomes in the ribosome-rich regions of the cytoplasm, the presence of four
L7/L12 binding sites per 70S ribosome, and the flexible attachment of the L7/L12 binding sites
to the ribosome all combine to enable extremely rapid sampling of aa-tRNA copies by the 70S

ribosome.

Our interpretation of Dsiow = 1 um?-s* as arising from a composite state involving rapid
exchange between 80% ribosome-bound ternary complexes (ton) and 20% free ternary
complexes (toff) Within the ribosome-rich regions led to the inequality (ton + Toff) <2 ms. This

result is consistent with the requisite fast sampling and rejection of ternary complexes required
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by the predominance of non-cognate and near-cognate aa-tRNAs. The estimated lower bounds
on the bimolecular binding rate constant ki and the unimolecular dissocation rate k-1 are
consistent with recent theoretical estimates of the analogous in vivo rate constants (9). The novel
method used for scaling of in vitro rates to find the optimal set of in vivo rates that match the

overall E. coli translation rate seems remarkably successful.

2.5.2 Ribosomal L7/L12 sites bind multiple ternary complexes simultaneously

The new data provide strong evidence that multiple ternary complexes bind simultaneously
to the four L7/L12 sites on the 50S subunit of translating ribosomes. Our partitioning analysis
suggests that the four L7/L12 sites may be saturated with ternary complexes on average. Such a
high local concentration of tethered aa-tRNAs would greatly facilitate the rapid sampling
required for efficient protein elongation, as previously suggested (4). The enhanced sampling
rate would arise from two effects. During the same time interval in which one of the bound
ternary complexes is being tested, any open L7/L12 site can be replenished with a fresh ternary
complex. This saves time. In addition, when an A-site comes open after a codon match and
translocation or (more typically) after rejection of a non-cognate aa-tRNA, the diffusive search
for the open A site by a new ternary complex would be more rapid due to the high local

concentration and the spatial constraints imposed by the tethering.

There is extensive biochemical evidence in vitro supporting our underlying assumption that
ternary complexes aa-tRNA-EF-Tu(GTP) bind the ribosome via contact between L7/L12 and
EF-Tu. A comprehensive summary is provided in Ref. (4). As shown schematically in Fig. 2.1A,
L7/L12 comprises an N-terminal dimerization module and a globular C-terminal domain (CTD),
connected by a flexible hinge. In E. coli, four copies of L7/L12 are bound to L10, which is itself

flexible. An early chemical crosslinking and fluorescence study implicated L7/L12 in the binding
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of EF-Tu to the ribosome (6). Subsequent extraction/complementation experiments showed that
the presence of L7/L12 was required for binding of both EF-Tu and EF-G to the ribosome (42).
Specific point mutations in the L7/L12 CTD and in the G domain of EF-Tu affected binding of
ternary complexes to the ribosome (5). In addition, there is homology between the proposed
L7/L12 binding interface to EF-Tu and the well characterized structure of the EF-TS/EF-Tu
complex. The L7/L12 subunits do not appear in crystal structures of 70S ribosomes (2, 43).
However, the biochemical evidence is corroborated by an early reconstruction from cryo-EM
data with 1.8 nm resolution that shows density connecting the G domain of EF-Tu within a
ternary complex to the L7/L12 stalk of the ribosome (13). Finally, the correspondence between
the diminished binding of the mutant form EF-Tu'*® in vitro (5) and in live E. coli (Fig. 2.4)

corroborates the assertion that we are probing ternary complex binding to L7/L12.

Wahl and co-workers (4) combined biochemical and additional structural evidence to
propose the model of the stalk that we reproduce schematically in Fig. 2.1A. The schematic
shows four ternary complexes bound to the ribosome via the four L7/L12 CTDs. One ternary
complex is undergoing codon testing at the A site, while the other three are tethered and awaiting
testing. The flexible attachment of the four L7/L12 to the ribosome is likely to facilitate efficient
capture of ternary complexes. The long, flexible linkers may enable the CTDs to “reach out and
catch” ternary complexes that come into near proximity of the ribosome body (4, 44). Although
there is no detailed structural evidence supporting the simultaneous binding of four ternary
complexes, the concept is supported by our stoichiometric estimates in vivo. It is also supported
by the remarkably large bimolecular rate constant for ternary complex binding, measured earlier

in vitro and now estimated in vivo.
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2.6 Conclusions

The present work provides strong evidence that multiple ternary complexes bind the four
L7/L12 initial binding sites on the 50S subunit of the 70S ribosome simultaneously. We also
provide a new estimate of ~1-2 ms or less for the in vivo timescale of binding and unbinding of
non-cognate ternary complexes during the initial anticodon test. Semi-quantitative estimates of
the partitioning of EF-Tu and tRNA among different binding states should help constrain models
of translation in E. coli. In future work, tracking studies of EF-G could provide an independent
estimate of the fraction of EF-G bound to 70S ribosomes at a given moment in time. That would
shed light on the competition in vivo between EF-Tu and EF-G for L7/L12 binding sites on the

70S ribosome.
2.7 Materials and Methods
2.7.1 Bacterial strains

We chose 30°C for this study because the mEos2 labels fluoresce poorly at 37°C; also, 30°C
matches the conditions of our earlier study of ribosome copy number, a result used here (19).
Strains, doubling times, and oligonucleotides used are detailed in Table A2.1. In E. coli EF-Tu is
expressed from two essentially identical genes: tufA and tufB. Both of these genes were first
labeled endogenously via the lambda red technique (45) in the background strain NCM3722.
The photoconvertible fluorescent protein mEos2 was covalently bound to the C-terminus of
EF-Tu. These genes were then transferred to the VH1000 background strain using P1
transduction. For studies of the mutated protein EF-Tu*8A, the tufA gene was point mutated
from Leu to Ala at the 148" residue in a plasmid pASK-IBA3+ having ampicillin resistance.

The plasmid mutation included a fusion of the same mEos2, again at the C-terminus of the



45

protein. To control for possible effects of overexpression, we also prepared a strain including a
completely analogous plasmid, except that it lacked the point mutation. The 30S ribosomal

subunits were labeled by expression of the protein S2-mEos2 from the chromosome.

In “EZ rich, defined medium” (EZRDM) at 30°C, the doubling time of the endogenously
labeled tufA and tufB strain is 60 £ 3 min (Table A2.1A and Fig. A2.8). This is ~1.3 times longer
than the doubling time of the VH1000 background strain, which is 45 + 2 min, indicating that the
mEos2 label enables fairly normal functionality of EF-Tu. The L148A mutant strain has a

doubling time of 46 £ 4 min.
2.7.2 Cell growth and preparation for imaging

Bulk cultures from frozen glycerol stock solution and subcultures for imaging were grown
overnight at 30°C with continuous shaking in EZRDM, which is a MOPS-buffered solution with
supplemental metal ions (M2130; Teknova), glucose (2 mg/mL), supplemental amino acids and
vitamins (M2104; Teknova), nitrogenous bases (M2103; Teknova), 1.32 mM K;HPO4, and 76
mM NaCl. The next day the stationary phase culture was diluted 100-fold in fresh EZRDM and
grown again to exponential phase (OD = 0.2-0.5). Cells were then plated on a polylysine coated
coverslip that formed the floor of a CoverWell perfusion chamber (Invitrogen, Carlsbad, CA)
with a well volume of 140 L.

For the L148A mutant strain, when the culture reached exponential phase it was treated with
anhydrous tetracycline (final concentration 45 nM) to induce expression of EF-Tu*8A-mEos2
from the plasmid. Tetracycline was washed away after 5 min of induction and the cells were
grown for 30 min more in fresh medium prior to plating and imaging. To test for the effects of

treatment by rifampicin (Rif), cells were grown to exponential phase after which Rif was added
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to a final concentration of 250 pg/mL. The culture remained at 30°C for 3 hr, after which cells

were plated and imaged.

2.7.3 Superresolution imaging of live E. coli cells

Imaging of cells began within 5 min of plating. Individual fields of view were imaged no
longer than 20 s to minimize laser damage. Each prepared sample was imaged for no longer than
30 min, during which time cells continued to grow normally. Cells were imaged on an inverted
microscope (Nikon Instruments, model Eclipse-Ti, Melville, NY) equipped with an oil
immersion objective (CFI Plan Apo Lambda DM 100x Qil, 1.45 NA; Nikon Instruments),
a 1.5x tube lens, and the Perfect Focus System (Nikon Instruments, Melville, NY). The
fluorescence images were recorded on a back-plane illuminated electron-multiplying charge-
coupled device (EMCCD) camera (Andor Technology, iXon DV-887, South Windsor, CT) at the
rate of 485 Hz (~2 ms/frame). The camera chip consisted of 128 x 128 pixels, each
24 um x 24 um. The fluorescent protein mEos2 was activated using a 405 nm laser
(CrystalLaser, Reno, Nevada, CW laser); the photoswitched state was subsequently excited with
a 561 nm laser (Coherent Inc., Sapphire CW laser, Bloomingfield, CT). Both lasers illuminated
the sample for the entire duration of image acquisition. Emission was collected through a
617/73 bandpass filter (bright line 617/73-25; Semrock, Rochester, NY). The 405 nm power
density at the sample was ~5-10 W/cm?, which kept the number of activated molecules less than

two in each camera frame. The 561 nm laser power density at the sample was ~8 kW/cm?.

2.7.4 Single-molecule image analysis
The fluorescent images were analyzed using a MATLAB GUI developed in our lab (23).
Noise was attenuated using 2 different digital filters. After filtering, fluorescent signals were

identified using a peak finding algorithm with a user defined intensity threshold with pixel level
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accuracy. A particle is identified if the local intensity maximum is higher than the threshold.
The threshold is carefully chosen large enough so that the algorithm can distinguish between

background and signal and small enough to avoid cutting trajectories unduly short.

A centroid algorithm was used to locate the identified particles with sub-pixel resolution
(23). Rapidly moving molecules have images that are blurred asymmetrically due to diffusion
during the camera frame. Centroid fitting can locate the particles with better accuracy than
Gaussian fitting. The centroid algorithm is also faster computationally. A 7 x 7 pixel box was
drawn around the intensity maxima and the centroid of all the pixel intensities within the box
was calculated. The centroid positions from successive frames were connected to form a
trajectory only if they lie within 3 pixel = 480 nm of each other. A modified MATLAB version

of the tracking program written by Crocker and Grier (46) was used.

2.7.5 Analysis of diffusive behavior
Details of spatial distribution, mean-square displacement plots, trajectory simulations,
two-state modeling of P(r) distributions, and estimation of uncertainties in fitting parameters are

provided in Appendix.
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2.8 Tables and Figures

Table 2.1. Summary of best-fit diffusion coefficients and fractional populations.

Species (treatment) 2 Drmean (UM?/s) © fstow © Dsiow (UM?/S)  Drast (UM?/s)
EF-Tu WT ¢ 2.02+£0.19 0.60 £0.05 1.0+£0.2 4912
Ribosome WT © 04x0.1 0.7x0.05 01+01 1.2+0.5
EF-Tu“*®A mutant ¢ 3.1%0.3 0.3+0.05 1.2+05 45+1.0
EF-Tu (after Rif) ¢ 35+04  035+005  15+05 49+15

EF-Tu"*8A mutant

(after Rif) 52+04 0.1+0.05 19+1.2 56+1.2

& Normal growth conditions, except for measurements after rifampicin treatment as noted.
b Mean diffusion coefficient estimated from first two points of MSD plot (Fig. 2.2).

¢ Best-fit fractional population of the more slowly diffusing state. The fractional population of
the more rapidly diffusing state is frast = 1 — fsiow.

d C-terminus labeling with mEos2.

¢ 30S subunits labeled by expression of the ribosomal protein S2-mEos2.
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Figure 2.1. A) Schematic diagram showing four ternary complexes bound to the four L7/L12
units on the stalk of a 70S ribosome. One of the ternary complexes is also bound to the A site for
codon testing. Based on the model of Ref. (4). We emphasize that while biochemical studies
support binding of the ternary complex to L7/L12, the stalk is highly mobile in all structural
studies to date (2). B) Several single-molecule trajectories of EF-Tu-mEos2 plotted in different
colors and superimposed on the phase contrast image of the same cell. C) Top: Composite spatial
distribution heat map of EF-Tu-mEos2 for 4221 localizations from 201 E. coli cells of length 4-5
pum. Pixels are ~ 45 nm x 45 nm. The intensity scale shows relative counts per pixel. Bottom:
Composite spatial distribution heat map of ribosomes (30S—mEos2 labeling) for 1967
localizations from 108 E. coli cells of length 4-5 um. D) The projected axial distribution of EF-
Tu-mEos2 and ribosomes (30S—-mEos2) for the same sets of cells used in panels C and D. The
distributions are normalized to the same area and plotted on a relative scale of —0.5 to +0.5 for

the long axis.
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Figure 2.2. Mean-square displacement (MSD) plots for WT EF-Tu, the mutant form EF-Tu-148A,
and ribosomes under normal growth and Rif treatment as indicated. Slopes from the first two
points yield population-averaged diffusion coefficient estimates as follows.

WT EF-Tu: 2.02 + 0.19 um?/s; WT EF-Tu after Rif treatment: 3.5 + 0.4 pm?/s;

mutant EF-Tu"“*48A: 3.1 + 0.3 um?/s; mutant EF-Tu“*A after Rif treatment: 5.2 + 0.4 pm?/s;

ribosomes (30S—mEos2 labeling): 0.4 + 0.1 pm?/s.



51

A N = 11472 steps

Slow steps cutoff
COEF-TuWT
—D_ =1.0 um?%s (60%)

\

003 b slow
i ” || — D, _ = 4.9 um?s (40%)
. I — Combined fit
=002 - \
CL$ |||’ |” |_> Fast steps cutoff

‘ ||1
'| .|mmllIHH””HWW”Hlmn..!!‘||||||nnn.mm.................:.._

0.0 0.4
r (um)

0.00

—— EF-Tu WT slow steps (r < 0.1 um)
0.059 —EF-Tu WT fast steps (r > 0.2 um)
— Ribosome axial distribution

Probability

0.00 . T . r r
-04 -02 0.0 0.2 0.4

Normalized x-coordinate

Figure 2.3. A) The experimental distribution of single-step displacements Per-tu(r) (grey
histogram) for 11,472 2-ms steps for WT EF-Tu. Solid black line shows best-fit model using two
static states: “slow” (blue) and “fast” (red). Model parameters: fsow = 0.6, Dsiow = 1.0 pm?/s),
frast = 0.4, Drast = 4.9 um?/s. B) Axial distributions of predominantly slow (blue) and fast (red)
single-step displacements of WT EF-Tu in comparison with ribosome axial distribution
(30S—mEos2 labeling, black). The cutoffs chosen to separate slow (<0.1 pum) and fast (>0.2 pm)
single step displacements are indicated by the arrows in panel A. The distributions are

normalized to the same area and plotted on a relative scale of —0.5 to +0.5 for the long axis.
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Figure 2.4. A) Composite spatial distribution heat map of the mutant form EF-Tu"**A_mEos2
for 792 localizations from 123 E. coli cells of length 4-5.5 pm. Pixels are ~ 45 nm x 45 nm. The
intensity scale shows relative counts per pixel. B) Axial distributions of EF-Tu“**¢* mutant
(black) in comparison with ribosomes (30S—mEos2 labeling, red). The distributions are
normalized to the same area and plotted on a relative scale of —0.5 to +0.5 for the long axis.

C) Distribution of single-step displacements P(r) (grey histogram) for 6960 steps of the
EF-Tu“*8A mutant. Solid black line shows best-fit model using two static states: “slow” (blue)

and “fast” (red). Model parameters: fsiow = 0.3, Dsiow = 1.2 PmM?/, frast = 0.7, Dtast = 4.5 pm?/s.
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2.10 Appendix:

A2.1 Bacterial strains and oligonucleotides used in this work

See Tables A2.1A and A2.1B below. Growth curves in Fig. A2.8.
A2.2 Analysis of diffusive behavior
A2.2.1 Mean-square displacement plots MSD(t)

The MSD as a function of lag time t is given by MSD(7) = < (r(t + 1) — r(t))? >, where
r(t) is the two-dimensional location of the particle at time t, t is the lag time, and the average is
taken over all times t and over many trajectories. MSD(t) plots for the different species and
imaging conditions are shown in Fig. 2.2. The slope of the first two points of an MSD(r) plot
provides a first estimate of the mean diffusion coefficient: D = slope/4. The MSD slope takes
account of the localization error o (1), but does not account for confinement effects. Even for
6 x 2 ms = 12 ms long trajectories, for rapidly diffusing species with D ~ 5 um?-s™ confinement
restricts diffusive trajectories and causes curvature of the MSD plot. This makes the diffusion
coefficient from the two-point slope a lower bound on the true mean D. The trajectory analysis
presented below is more accurate.

A2.2.2 Estimation of dynamic localization error otast and osiow for fast and slow EF-Tu
molecules

Localization error in the single-step P(r) distributions arises from the point-spread function
(PSF) of the microscope, the finite number of photons detected per camera frame, and blurring of
the images due to diffusive motion during each 2 ms camera frame (1, 2). While ribosomes and
slow EF-Tu copies experience little diffusive blurring, the fast EF-Tu copies are blurred
substantially. We reasoned that model Monte Carlo diffusive trajectories should involve larger

dynamic localization error for fast EF-Tu copies than for slow EF-Tu copies.
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This problem has been addressed in detail by Michalet (1). Suppose the best fit to the first
two experimental points of a two dimensional mean-square displacement plot is given by the
equation MSD(r) = a + br, with b the slope and a the extrapolated intercept at lag time t = 0.
Then the best estimate of the diffusion coefficient is D = b/4 and the best estimate of the dynamic
localization error is c = % (a + 4Dte/3)Y?, where te is the exposure time per camera frame. We
estimate that the diffusion coefficient of the fast (non-ribosome-bound) EF-Tu copies should be
about 5 pm?-s (3, 4) and that of the ribosome-bound copies should be about 0.2 um?2-s (5). If
so, the root-mean-square displacement in two dimensions of a fast EF-Tu copy during the 2-ms
camera frame is ~200 nm, substantially larger than typical static localization errors in live E. coli
single-molecule studies of slowly moving species labeled with fluorescent proteins. The rms
displacement of a ribosome-bound EF-Tu copy is only ~60 nm, comparable to typical static
localization errors.

For WT EF-Tu, the intercept of the MSD plot yields a mean localization error ¢ = 60 nm.
To estimate the dynamic localization errors otast and osiow for EF-Tu, we simulated six-step
(6 x 2 ms) Monte Carlo diffusive trajectories in a model spherocylinder. One batch of 5000
trajectories had Dsiow = 0.2 pm?/s and the other 5000 trajectories had Drast = 5 pm?/s; both used
the mean localization error of 60 nm. These simulated trajectories were used to form the

distribution of the mean of six one-step estimates of D:

1
<D >6_step = 5,- Po1 v (e — X)% + (Visr — ¥i)? , Where (Xiv1, Yiet) and (xi, yi) are the
coordinates of final and initial positions of each step. This distribution is shown in Fig. A2.6A.

For WT EF-Tu, the analogous experimental distribution of <D>g.step is sShown in Fig. A2.6B. The

simulated distributions guided the choice of cutoffs that approximately distinguish slow from fast

copies: <2.25 pm?/s for slow copies and >3.25 pm?/s for fast copies. Separate MSD plots for
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these slow and fast experimental trajectories are shown in Fig. A2.6C. The intercepts of the
linear fits to the first two data points gives the estimates csiow ~ 40 nm and ofast ~ 80 nm. These
values were used to simulate trajectories for fitting the Per-tu(r) distributions to two static
populations.
A2.3 Monte Carlo simulations of diffusive trajectories

Many previous studies of single-molecule diffusion fit the experimental P(r) distribution to
a sum of analytical functions, with each component describing diffusion of the species in free
space (6, 7). However, molecules diffusing rapidly in the E. coli cytoplasm suffer from
confinement due to the spherocylindrical cell boundaries, a problem for which there is no
analytical solution. Therefore, we simulated the behavior of each diffusive component from a
large number of random walk trajectories that incorporate the dynamic localization error csiow Or
ofast and confinement effects within a model spherocylinder that mimics the dimensions of a
typical E. coli cell in our growth conditions (tip-to-tip cell length = 4.3 um and
cell diameter = 0.9 pm). Each set of simulations models one diffusive state, with values of D and
o fixed. Att =0, 5000 particles were randomly distributed within the cell volume. Each particle
undergoes a random walk independent of other particle positions. To model each 2-ms camera
image, three-dimensional microtrajectories (1000 steps of 2 us each) were generated. At each
time step, each particle chooses a displacement in each of three Cartesian directions. These
displacements are chosen from a Gaussian distribution whose standard deviation corresponds to
the state’s three-dimensional diffusion coefficient D. In the rare event that a particle attempts to
step outside of the cell boundaries, the displacement for that microstep is taken to be zero. The
location of each particle during each camera frame is obtained as the centroid of the model

microtrajectories in order to mimic the analysis procedure used for the experimental images. The



60

appropriate dynamic localization error ¢ was then applied to each centroid location in both x and
y coordinates by sampling a Gaussian distribution with standard deviation . By adding the error
to the centroid position we obtain the model “measured” location for each 2 ms camera frame.
The x and y coordinates of each measured location are stored for further analysis. For the next
model camera frame, each particle continues to make microsteps in 3D starting from the
endpoint of the previous camera frame. Model trajectories for EF-Tu use the appropriate
estimated value of Gsiow OF Grast, determined as described above.

By connecting the sequence of simulation locations over seven frames, we form 5000 model
trajectories for each relevant value of D. These trajectories are used to compute model-based,
numerical one-step probability distributions Pmodei(r;D) that are the model functions for the
least-squares analysis of the corresponding experimental distributions.

A.2.3.1 Fitting of single-step P(r) distributions to static, two-state models

For each species in each experimental condition, a large set of trajectories that lasted for

6 steps or longer were selected for analysis. Longer trajectories were truncated to 6 steps.

The 6-step trajectories were then sliced into individual steps. The single-step displacements

i =+ (g1 — x)% + (741 — ¥i)? were pooled to form the distribution P(r), as in Figs. 2.3A
and 2.4C. We typically attempt to fit the experimental distribution P(r) in a least-squares sense to
a single population or to a weighted average of two static populations. For a one-state model the
only fitting parameter is D. For unconstrained models including two static (non-exchanging)
states, the fitting function is the linear combination Pmodei(r) = fsiowP(r; Dsiow) + (1 — fsiow)P(r; Dtast).
Here the three fitting parameters are Drast, Dsiow, and the fractional population fsiow, Which in turn
fixes frast = (1 — fsiow). For all our fitting procedures, Drast ranged from 0.1 to 12 um?/s with

interval of 0.1 pm?/s and Dsiow ranged from 0.05 to 3 um?/s with interval of 0.05 pm?/s.
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We judge the goodness of fit by evaluating the reduced chi-square statistic:

h.—y.)2
o, Zy‘) . Here j labels the N bins in the (unnormalized) P(r) and Pmogei(r)
j

histograms, h; is the number of experimental counts in bin j, y; is the number of counts in bin j of

the simulated Pmogel(Di) histogram, sf is the variance of the value in bin j, and o is the number of

fitted parameters. We take sf = h;j as the estimate of the variance, assuming Poisson statistics.

A good fit to an adequately flexible analytical model function should have .2 ~ 1. In our
numerical procedure, both the experimental distribution P(r) and the fitting function Pmogel(r)
have noise, so we would expect good fits to have y.? values somewhat larger than 1. The fitting

results for each species in various conditions are summarized in the main text and in Table 2.1.

To estimate the uncertainty in the model parameters for two-state fits, we examined the 3D
grid of 2 values generated from the unconstrained fits that varied all three parameters Drast, fsiow,
and Dsiow. For WT EF-Tu, three two-dimensional planes passing through the values
Dtast = 4.9 pm?-s1, foiow = 0.60, and Dsiow = 1.0 um?-s’ are shown in Fig. A2.7. We judged the fits
to be qualitatively poor whenever the value of y,? exceeded the minimum value by 0.5 units or
more (Fig. A2.7). The parameter error estimates in Table 2.1 cover this range of y,2 values in

each case.

A2.3.2 Fitting of single-step Per-1u(r) distributions to static, three-state models

We briefly explored three-state models (slow, fast, and medium) of the WT EF-Tu P(r)
distribution of Fig. 2.3A. To make the search tractable, the slow and fast diffusion coefficients
were fixed to 0.1 and 4.9 pm?/s, mimicking ribosome-bound and free EF-Tu states. The slow and

the medium fractions were varied in intervals of 0.05 and the medium fraction diffusion
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coefficient Dmedium from 0.1-5 pm?/s in intervals of 0.1 pm?/s. The fast fraction was determined
as frast = 1 — fsiow — fmedium. The best fit parameters were fsjow = 0.20 + 0.05, fmedium = 0.45 £ 0.05,
and Dmegium = 1.8 = 0.5 um?/s, with frast = 0.35 £ 0.05 and 2 = 1.25 (Fig. A2.1C). This is no
better fit than the best two-state model, which returned x> = 1.24. For the three-state fit, fsiow +
fmedium = 0.65 is in sensible agreement with the two-state result fsiow = 0.60. These fits are not very
different in content. The sum of the slow and medium components in the best three-state fit is

quite similar to the slow component of the best two-state fit.
A2.4 Statistics of aa-tRNA sampling

The time-averaged stoichiometry of EF-Tu and tRNA binding to a translating 70S ribosome
can be estimated from the fraction of EF-Tu copies bound to ribosomes combined with copy
number estimates from other studies. There are 61 different codons and 43 different aa-tRNA
types (43 different ternary complexes) used by E. coli (8). Forty-eight codons match only one
type of ternary complex, 12 match two types, and one matches three types. This means that the
ribosome is usually testing and rejecting non-cognate or near-cognate aa-tRNAs. In turn, this
means the A site is most frequently occupied by an aa-tRNA within its ternary complex, still

tethered to L7/L12 (prior to GTP hydrolysis and ejection of EF-Tu).

Fully 40 unique codons are used with at least 1% frequency (9). For a given mRNA codon
poised at the 30S decoding site, the average chance that a particular ternary complex carries a
cognate (completely matching) aa-tRNA anticodon is roughly 1 in 40. How many different
ternary complexes must be sampled before a cognate aa-tRNA is found? For simplicity, we
assume that there are N different aa-tRNA types (N different anti-codons) all required with equal
probability in the transcriptome and all equally represented in the pool of aa-tRNA. This enables

calculation of a closed form for the mean number of trials required to find an anti-codon that
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matches the current mMRNA codon at the ribosome A site. Let p = 1/N be the probability of a
match on a given trial. The index k denotes the number of individual trials required to achieve a
codon match. If the sampling of the pool is random, then the probability P(k) of finding the first

match on the kth trial is the probability of failing to find a match for (k — 1) successive trials,
which is (1 — p)*%, times the probability of finding a match on the kth trial: P(k) = (1— p)**p.

The average number of trials required to find a match is:

<k>=SkP(K) =S k(- p)**p
k=1 k=1

=pY k{-p)".
k=1
Letx = (1—p). Then:
<k>=@-x)> ke

k=1

=(1-Xx) di Z x*  This is the derivative of a geometric series, which can be summed:
X4

:(1_X)1L:L
dx1l-x 1-x

= E _
For p = 1/N, the mean number of trials required to find a match is N. If N ~ 40, on average
roughly 40 ternary complexes must be sampled before finding a cognate codon.
A2.5 Estimates of copy numbers and partitioning of EF-Tu and tRNA

Under the same growth conditions used here (30°C in EZRDM), we previously estimated
~50,000 30S ribosomal subunits per cell, some 80% of which (~40,000 copies) are engaged as
translating, 70S ribosomes (10). Mean copy number estimates for EF-Tu, total tRNA, EF-G, and
total aa-tRNA synthetase (Table A2.2) were derived from the ribosome copy number and from
literature values of the ratio of each species’ copy number to that of ribosomes. It was not

possible to match strains, growth conditions, growth rate, and temperature, so we chose to match

the growth rate (~1 doubling/hr).
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EF-Tu is the most abundant protein in E. coli, about 7-fold more abundant than ribosomes
(11, 12) (~350,000 total EF-Tu copies). The two-state analysis of Peetu(r) in Fig. 2.3A
combined with the axial distribution of these slowly diffusing copies indicates that ~60% of EF-
Tu copies (~210,000) locate in the 70S-rich regions of space, where they undergo rapid exchange
between the ribosome-bound state (80% of the time) and rapidly diffusing state (20% of the
time) on a timescale of ~2 ms or less. At a given moment, this corresponds to ~170,000
ribosome-bound EF-Tu copies (0.8 x 0.6 x 350,000). The remaining ~180,000 EF-Tu copies
comprise free ternary complexes and bare EF-Tu seeking an aa-tRNA partner. The ~170,000
ribosome-bound EF-Tu copies is four times the estimated number of translating, 70S ribosomes.
In E. coli, there are four L7/L12 sites per 50S subunit (13, 14). Under the assumption that ternary
complexes bind to the ribosome only when interacting with L7/L12 N-terminal domains (further
justified below), we infer that the four L7/L12 sites are essentially saturated with EF-Tu copies.

An equilibrium binding calculation (below) corroborates this conclusion.

This analysis ignores the fact that each time a cognate aa-tRNA binds to the A site and
transfers its aminoacyl group to the growing peptide chain, elongation factor G (EF-G) must bind
to the A site and hydrolyze GTP in order to drive translocation of the A site tRNA to the P site
and the P site tRNA to the E site. EF-G uses the same ribosomal L7/L12 sites as EF-Tu for its
initial binding step (15). A tethered EF-G presumably samples the A site in much the same way
as a tethered ternary complex. The estimated copy number of EF-G is 6-7 times smaller than that
EF-Tu (11), i.e., the EF-G copy number is similar to that of the ribosomes. In vitro studies found
that EF-Tu and EF-G have comparable binding constants to L7/L12 units (16). Accordingly, we
suggest that the mean occupancy of the four L7/L12 sites is ~3.5 EF-Tu copies (7/8 x 4) and ~0.5

EF-G copies (1/8 x 4). This seems a reasonable fractional occupancy of EF-G to ensure that a
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cognate aa-tRNA at the A site need not wait long for the arrival of an EF-G(GTP) copy to drive
translocation. There is only one type of EF-G vs 43 types of ternary complex, so each EF-G visit

to an L7/L12 site will be much more effective than each ternary complex visit.

So far, we have estimated that averaged over time, each ribosome binds ~3.5 ternary
complexes (3.5 EF-Tu and 3.5 tRNA) and 0.5 EF-G copies, all tethered to L7/L12 subunits. One
of the ternary complexes typically occupies the A site. Next we estimate the partitioning of total
tRNA among different species. The total tRNA copy number in E. coli growing at 1-2
doublings/hr is ~7-fold larger than the ribosome copy number (17). This implies ~7 x 50,000 =
350,000 total tRNA per cell in our growth conditions, the same as the estimated EF-Tu copy
number. We estimate that averaged over time, each translating ribosome binds one tRNA in the
A site (usually tethered to an L7/L12 via an EF-Tu bridge), one in the P site, perhaps one-half
copy in the E site (a compromise between “2-1-2” and “2-3-2” elongation models (18, 19)), and
an additional 2.5 copies bound as ternary complexes to the other three L7/L12 sites. Thus the
time-averaged number of tRNA copies bound to each translating ribosomes is about 5. The
~40,000 translating ribosomes per cell in our growth conditions would then bind ~200,000 tRNA
copies at a given moment in time (~57% of all copies). On average, 3.5 of these 5 copies
(140,000) are associated with EF-Tu as ternary complexes and the other 1.5 copies (60,000) are
ribosome-bound at the P and E sites and not associated with EF-Tu. The remaining ~150,000
tRNA copies (~43%) are not ribosome-bound and should partition among three diffusive states:
free tRNA shortly after leaving the ribosomal E site, tRNA being recharged by aa-tRNA

synthetase, and tRNA within ternary complexes.

A simple equilibrium calculation indicates that a large majority of the 290,000 tRNA copies

not engaged at the ribosomal P and E sites should form ternary complexes and that most of the
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350,000 EF-Tu copies also occur as ternary complexes. The binding constant in vitro between
tRNA and EF-Tu has been measured to be Ky = 7.5 uM™* (20). Binding constants are expected to
be larger in the crowded cytoplasm than in buffer solution (21). The volume of an average,

~4 pm long, 0.9 pm diameter spherocylindrical cell is Veen = 2.35 um?®. For that volume, each
1000 copies corresponds to a concentration of 0.71 uM. As an illustrative calculation, suppose
we mixed 350,000 free EF-Tu copies (248 uM) with 290,000 free tRNA copies (206 uM) in the
cytoplasm. The solution-phase binding constant then predicts that at equilibrium, there will be
289,000 ternary complexes (accounting for 82% of all EF-Tu), 60,000 free EF-Tu copies, and
only 1,000 free tRNA copies. However, that calculation neglects the tRNA copies that are bound
to the 20 types of aa-tRNA synthetase, whose aggregate copy number is ~50,000 (11). In the
limit of saturation of the synthetases with tRNA, only 240,000 tRNA copies would be available
for binding with EF-Tu to form ternary complexes. At equilibrium, a mixture of 350,000 EF-Tu
with 240,000 tRNA would yield 240,000 ternary complexes and 110,000 free EF-Tu. Roughly
70% of the EF-Tu would still exist as ternary complexes. The tRNA copies would then occur as
240,000 ternary complexes, 60,000 P- and E-site copies, 50,000 complexes with the synthetase,
and only 400 free tRNA copies. This is the estimate used in the main text. Free tRNA is a small

minority population in either equilibrium estimate.

Assuming the smaller estimate of 240,000 ternary complexes, we can use a second binding
equilibrium calculation to estimate the average number of ternary complexes bound to the four
L7/L12 units on each translating ribosome. In vitro, the binding constant between a single
L7/L12 unit and a ternary complex is K, = 0.1 uM (16). Again, this likely underestimates the
binding constant in vivo. Assume the cytoplasm initially contained 240,000 ternary complexes

(170 uM) and 40,000 translating ribosomes (28 uM). Further assume independent binding
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(no cooperativity) of four ternary complexes to the four L7/L12 units on each 70S ribosome (22).
Then at equilibrium the average number of ternary complexes bound to each 70S ribosome is

3.8 out of a maximum of 4.

The binding model goes as follows. Let R stand for a 70S ribosome and X stand for a ternary
complex. Equilibrium concentrations are denoted by square brackets; for simplicity, x = [X].
There are four sequential binding equilibria, each with the same binding constant K and its own

equilibrium equation:

R + X <> RX, [RX] = [R] K x 1)
RX + X <> RXy, [RXz] = [RX] K x = [R] K2 X2 )
RXz + X <> RXG, [RX] = [RX2] K x = [R] K358 ©)
RXs + X <> RX, [RX4] = [RXs] K x = [R] K*X“. 4)

Let Ro be the total ribosome concentration and Xo be the total ternary complex concentration:

Ro = [R] + [RX] + [RXz] + [RX3] + [RXq] (5)

Xo = X + [RX] + 2[RX2] + 3[RX3] + 4[RXa] (6)
Substituting Egs. 1-4 into equations 5 and 6 and solving for [R] and for (Xo — x) yields two
expressions for [R]:

[R] =Ro/ (1 + Kx + K22 + K33+ K*x%) and (7)

[R] = (Xo—x) / (Kx + 2K2x? + 3K3x3+ 4K*x%) (8)
For given values of K and the initial concentrations Ro and Xo, equations 7 and 8 can be set equal
to each other and solved for x, whose value then determines all the equilibrium concentrations. In
practice, we solved the equation by trial and error using an Excel spreadsheet.

These rough estimates based on solution-phase binding constants may well underestimate
the extent of complex formation, both for formation of ternary complexes from EF-Tu and aa-

tRNA and for binding of ternary complexes to L7/L12 units. The estimates help to justify the
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assertion that at a given moment most EF-Tu copies exist as ternary complexes. They are also
consistent with the assertion that the four L7/L12 sites on each 70S ribosome are essentially
saturated with ~4 bound ternary complexes. Finally, they predict that only a very small fraction

of tRNA, perhaps 1% or less, exists as the free, unbound species.
A2.6 In vivo rate constants for binding and unbinding of ternary complexes

Finally, we can estimate two in vivo rate constants for direct comparison with the recent set
of theoretical in vivo rate constants derived from a large set of in vitro measurements obtained
under standardized experimental buffer conditions and temperature. Our interpretation of the
value Dsiow = 1.0 um?-s, as a composite of 80% ribosome-bound copies and 20% free copies,
suggests that the timescale for bound-free exchange within the ribosome-rich regions must be 2
ms or less. This constrains the ratio ton/toff = 4 and the sum (ton + toff) < 2 ms. For concreteness,
assume that (ton + Ttoff) = 2 ms, which yields the values toff = 0.4 ms and ton = 1.6 ms. The time
Toff IS the mean search time for a ternary complex to find an empty L7/L12 site within the

ribosome-rich regions.

First we use the pseudo-first-order rate 1ot * and the 70S ribosome concentration to estimate
the effective bimolecular association rate constant k1 for binding of a typical non-cognate ternary
complex to an L7/L12 subunit of a 70S ribosome within the ribosome-rich regions. Suppose the
40,000 70S ribosomes occupy roughly half of the 2.4 pm? volume of the average cell; then the
concentration of translating ribosomes within the ribosome-rich regions is [70S] ~ 55 uM. The
effective bimolecular rate constant becomes ki = 1ot 2/[70S] = 4.5 x 10" MisL. This is
remarkably fast, and if (ton + Toff) Were <2 ms, the estimate would be even larger. For

comparison, the diffusion-limited bimolecular rate constant for ribosomal spheres of radius Rerino
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=10 nm and diffusion coefficient Drino = 0.1 um?/s colliding with ternary complex spheres with
Rrc = 2 nm and Drc = 5 pum?/s is Kaift = 4tNo(Rribo + R1c)(Dribo + D1c) = 3.2 X 108 M1s, only
sixfold larger than our estimated ki. Roughly one in six close encounters between a ternary
complex and a 70S ribosome, leads to a binding event. As suggested earlier (13), k1 may be very
fast due to the presence of four L7/L12 binding sites per ribosome and the flexibility of the
linkages between ribosome and the C-terminal domain of L7/L12. We call ki an effective rate
constant because in many close encounters the ternary complex will find most L7/L12 binding
sites already occupied by a ternary complex or an EF-G, unlike pseudo-first-order conditions
used in Kinetics assays. The theoretical in vivo estimate for kon* (Table 2 of Ref. (8)) at 1.07

doublings/hr and 37°C is 9.4 x 10" Ms, twofold larger than our lower limit on k.

We can also compute the unimolecular dissociation rate of EF-Tu (typically part of a ternary
complex) from the ribosome, k1 = ton™ > 625 s at 30°C with the theoretical in vivo rate for 1.07
doublings/hr at 37°C. The latter is mor* = 1700 s (Table 2 of Ref. (8)). Correcting from our
30°C to 37°C increases k.1 by a factor of 2.1: k1(37°C) = 2.1 k1(30°C) > 1250 s™*. The effects of
temperature on k.1 were derived from the T-dependence of the experimental in vitro rate
constants in Table 1 of Ref. (8): k.1 = 85 s at 20°C and 700 s at 37°C. We assumed the
Arrhenius temperature dependence with A-factor independent of T: k.1(T) = A exp[-Ea/RT], with

Ea the activation energy and R the gas constant.
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Table A2.1A. Bacterial strains used; background strain is E. coli — VH1000.

Strain label Description Doubling time (min)
UFAB Both tufA _and tufB chromosomally labeled 60+ 3
with mEos2 at C-terminus
tufA labeled with mEos2, expressed from
MMY7 a plasmid — pASK-IBA3+ arxl
tufA-148A mutant labeled with mEos2,
MMS expressed from a plasmid — pASK-IBA3+ 46+4
rpsB (ribosome S2 protein)
MSG196 chromosomally labeled with mEos2 49£2
VH1000 Background parent strain 45+ 2

Table A2.1B. Oligonucleotides used.

Oligonucleotide

Sequence, 5'- 3'

F-EcoRI-tufA_mEos2

GCAT GAATTC CAGGCCGTAATTGAAGC

R-HinDIlI-tufA-mEos2

GCAT AAGCTT TTAGCGACGAGCATTATCC

F-tufA_L148A_mut

GCTGCTGGAA GCA GTTGAAATGGAAG

R-tufA_L148A mut

TCTTCGTCATCAACCATG

Table A2.2. Sources of copy number estimates relative to ribosomes.!

(23)

Measured species Ratio to ribosome E. coli strain Growth conditions

(references) copy number

total EF-Tu (12, 23) 7 NC3 MOPS with 0.4%
glucose (w/v) at 37°C
(~1 db/hr)

total tRNA (17) 7 W1845 (K12 derivative) | MOPS with 0.4%
glucose (w/v) at 37°C
(~1 db/hr)

EF-G (23) ~1 MG1655 M9 with glucose at 37°C

total tRNA synthetase | ~1 MG1655 M9 with glucose at 37°C

! Estimates of mean copy number per cell in main text are taken as the mean ribosome copy
number of 50,000 (from Ref. 11 below) times the ratio in this table.
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Figure A2.1. Different fitting models for WT EF-Tu single-step displacement probability
distribution Per-tu(r). A) Two static states with Dsiow fixed at 0.1 pm?/s (corresponding to the
estimated 70S ribosome diffusion coefficient). Best-fit Drast and fractions as shown yield

v? = 2.5, indicating a very poor fit. B) Single static state. The minimum y,? is 9.7, corresponding
to Dsit = 1.0 pm?/s. C) Three static states Dsiow and Drast fixed at 0.1 and 4.9 um?/s respectively.

Best-fit Dmedium and fractions as shown. The minimum sz is 1.25, which is not an improvement

over the best two-state model of Fig. 2.3.
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Figure A2.2. The single-step displacement probability distribution Prino(r) for 30S ribosomal
subunits labeled by the protein S2—Eo0s2. Best-fit model of two static states as shown. The slow
fraction (blue; fsiow = 0.7, Dsiow = 0.1 um?/s) is assigned to translating 70S ribosomes. The fast

fraction (red; frast = 0.3, Drast = 1.2 um?/s) is assigned to free 30S subunits.
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Figure A2.3. The axial distribution of slow and fast single steps for mutant protein EF-Tu"“48A,
Slow and fast steps are based on the same cutoffs used for WT EF-Tu. The axial coordinates are
normalized to -0.5 to 0.5. The slow distribution (blue; r < 0.1 pm) seems fairly homogeneous but
the fast distribution (red; r > 0.2 um) shows two distinct peaks near the DNA regions.

The ribosome axial distribution (black) is also plotted for comparison.
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Figure A2.4. A) The spatial distribution heat map of EF-Tu after Rif treatment is shown for E.
coli cells of 3-4 um length. Scale is proportional to the counts per pixel. B) Axial distribution of
EF-Tu after Rif treatment (black) along with a simulated homogeneous distribution (red).

C) Per-1u(r) distribution of 7086 steps for EF-Tu after Rif treatment, along with the best-fit

parameters for a model of two static states.
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Figure A2.5. Single-step displacement probability distribution Per.1y(r) for EF-Tu expressed
from a plasmid. The best-fit two-state model parameters are: (blue curve) fsiow = 0.7, Dsiow = 1.3
um?/s; (red curve) frast = 0.3, Drast = 4.9 pm?/s. The diffusion of WT EF-Tu expressed from a

plasmid is similar to the diffusion of WT EF-Tu expressed from the chromosome (Fig. 2.3).
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Figure A2.6. A) Simulated distributions of the mean of six single-step estimates of the diffusion
coefficient, Pmodel(Di) for two diffusion coefficients, Dsiow and Drast as indicated. These
distributions were used to estimate cutoff values for slow and fast copies of EF-Tu, whose
experimental distribution is shown in panel B). C) Separate MSD plots for slow and fast EF-Tu
copies. Intercepts were used to set different values of localization error: osiow = 40 nm and

Gfast = 80 nm.
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Figure A2.7. Planes passing through the three-dimensional grid search for the best y, value for

the two-state fits to WT EF-Tu distribution Per-tu(r) of Fig. 2.3. Each slice shows a plane passing

through the global minimum parameter set: A) fsiow is fixed at 0.60. B) Dsiow is fixed at 1.0 pm?/s.

C) Drast is fixed at 4.9 um?/s. The uncertainty estimate for each parameter was chosen to enclose

all values of 2 within 0.5 units of the minimum value, as shown by the boxed-in regions of each

plane. Fits with still larger values of y,? were judged to be qualitatively poor.
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Figure A2.8. A) Growth curves in EZRDM at 30°C for three different strains: VH1000 (WT
parent strain, no labeling), MSG195 (VH1000 with ribosomal protein S2 labeled with mEo0s2),
and tufAB (tufA and tufB both labeled with mEos2). The exponential phase data points are used
to calculate the doubling times. B) and C) Plots of In OD/In 2 vs time for the VH1000 and tufAB
strains, respectively. The exponential phase data points are fitted to a straight line whose inverse

slope yields the doubling times of 45 + 2 min for VH1000 and 60 + 3 min for tufAB.
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3.1 Abstract

For E. coli growing rapidly in rich medium at 37°C, the doubling time can be as short as
~20 min and the average rate of translation (ki) can be as fast as ~20 amino acids/s. For slower
growth arising from poor nutrient quality or from higher growth osmolality, ki decreases
significantly. In earlier work from the Hwa lab, a simplified Michaelis-Menten model suggested
that the decrease in ki arises from a shortage of ternary complexes (TCs) under nutrient
limitation and from slower diffusion of TCs under high growth osmolality. Here we present a
single-molecule tracking study of the diffusion of EF-Tu in E. coli growing with doubling times
in the range 62-190 min at 37°C due to nutrient limitation, high growth osmolality, or both. The
diffusive properties of EF-Tu remain quantitatively indistinguishable across all growth
conditions studied. Dissection of the total population into ribosome-bound and free sub-
populations, combined with copy number estimates for EF-Tu and ribosomes, indicates that in
all cases ~3.7 EF-Tu copies are bound on average to each translating 70S ribosome. Thus the
four L7/L12 binding sites adjacent to the ribosomal A-site in E. coli are essentially saturated with
TCs in all conditions, facilitating rapid testing of aminoacyl tRNAs for a codon match. Evidently
the average translation rate is not limited by either the supply of cognate ternary complexes
under nutrient limitation or by the diffusion of free ternary complexes at high osmolality. Some
other step or steps must be rate limiting for translation in slow growth.
Keywords: Nutrient limitation; high osmolality; superresolution microscopy; ternary complex;
diffusion.

Abbreviations: EF-Tu, elongation factor-Tu; aa-tRNA, aminoacyl-tRNA; TC, ternary complex;
WT, wild type; MBM, MOPS based minimal medium.
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3.2 Introduction

Bacterial cells including E. coli are remarkable for their ability to survive and grow under a
wide range of environmental conditions [1-5]. A fundamental quantity closely related to growth
rate is the average rate of protein synthesis by translating 70S ribosomes, defined as the mean
rate of amino acid incorporation into the growing polypeptide chain (here ki, in aa/s). The
translation elongation cycle comprises a complex series of molecular level events including
binding of a ternary complex (TC) to an L7/L12 tether adjacent to the ribosomal A-site; testing
of the aminoacyl tRNA (aa-tRNA) at the A-site for a codon match; rejection and dissociation of
non-matching TCs; formation of a new peptide bond to the correct amino acid; and translocation
of the tRNAs through the ribosomal A-, P-, and E-sites [6, 7]. Each TC contains an aa-tRNA, the
translation elongation factor EF-Tu, and GTP. For E. coli, many rate constants for individual
steps of the elongation cycle have been elucidated by careful kinetic studies in vitro, both in bulk
and at the single molecule level [7-10]. Detailed kinetics models that are consistent with
observed average translation rates in vivo have been developed [11, 12]. In addition, models
incorporating codon-specific elongation rates have been proposed to help explain the effects of

depletion of specific TCs under external perturbations [13].

Two important environmental stresses that can severely hinder bacterial growth are nutrient
limitation and hyperosmotic stress. In a comprehensive series of papers, Hwa and coworkers
have made detailed measurements of the factors governing ke in live E. coli over a wide range of
growth rates [14-16]. They explored the effects of nutrient limitation and hyperosmotic stress on
the overall growth rate A, on ki, on the fraction of the proteome dedicated to ribosomal proteins,
on the copy number of the elongation factor EF-Tu relative to that of ribosomes, on the fraction

of ribosomes actively carrying out translation, and on the fraction of tRNA copies charged as
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aa-tRNA. Remarkably, the data under nutrient limitation [14] with doubling times ranging from
23 min to 20 hr fit a simplified, coarse-grained Michaelis-Menten model involving the cognate

ternary complex as substrate and the ribosome as enzyme:

1 1 1
ktri konX[TCeff] kelong

1)

Here kon (M-s1) is the bimolecular rate constant for binding of cognate ternary complexes to the
ribosomal A-site (assumed to be diffusion limited), [TCe] is the concentration of cognate
ternary complexes, and Keiong () is the composite rate of all subsequent steps in peptide
synthesis. As nutrient quality decreases, the growth rate slows down and the fraction of protein
synthesis dedicated to ribosomal proteins decreases. Synthesis of EF-Tu and ribosomal proteins
are co-regulated; the ratio of total EF-Tu to ribosomes always lies in the range 67 [14-18].
Accordingly, the falloff in ki as growth rate decreases was judged to arise primarily from a
decrease in [TCes], i.€., from limitations on the substrate concentration, with kon and Keiong
remaining essentially constant. Sub-lethal doses of the translation inhibitor chloramphenicol
(Cm) were also used in order to vary [TCeff] under fixed nutrient conditions. This enhances the
fraction of proteins dedicated to ribosomes, and the TC and aa-tRNA concentrations increase

proportionally. The Cm data fell on the same Michaelis-Menten plot.

In a more recent study [16], the same quantities were measured using glucose as carbon
source in minimal MOPS-buffered medium (MBM) while varying the overall concentration of
the impermeable osmolite NaCl in the medium. As the NaCl concentration increased from 0.1 M
to 0.6 M, the doubling time at 37°C varied from 43 to 346 min. At each of two elevated NaCl
concentrations 0.3 M and 0.4 M, the effective substrate concentration [TCesf] was varied at fixed

osmolality by addition of sublethal concentrations of Cm. Lineweaver-Burke plots of ki ™ vs
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[TCet] ™ then indicated that while the maximum elongation rate keiong remained fairly constant
with increasing osmolality (22-25 aa/s), the binding rate constant ko, decreased by a factor of
2.3, from 6.4 x 10° M2st at 0.1 M NaCl to 2.8 x 10° Ms? at 0.4 M NaCl. This decrease was
attributed to slower diffusion of ternary complexes in the more crowded cytoplasm at higher
osmolality. In summary, Hwa and coworkers conclude that the decrease in overall translation
rate under nutrient limitation arises primarily from the scarcity of ternary complexes. The
decrease at higher osmolarity arises primarily from increased cytoplasmic crowding, which

limits the diffusion coefficient of ternary complexes and thus kon.

We recently reported a single-molecule tracking study of the diffusion of EF-Tu in live E.
coli growing in EZ rich defined medium (EZRDM) at 30°C (doubling time 60 min) [19].
Analysis of the diffusive trajectories enabled us to distinguish two EF-Tu sub-populations: a
slowly diffusing component assigned to EF-Tu copies within ternary complexes bound to
translating ribosomes and a more rapidly diffusing component assigned as a composite of free
EF-Tu copies and free ternary complexes (not bound to ribosomes). The localization uncertainty
o ~ 40 nm makes the method insensitive to the internal motion of an EF-Tu copy tethered to an
L7/L12 site. The measurements are only sensitive to the overall movement through space of the
ribosome-bound EF-Tu, regardless of its binding state. From the fractions of slow and fast
diffusive components and the known ratio of 6-7 EF-Tu copies per ribosome, we inferred that on
average, approximately 4 ternary complexes are bound to each translating ribosome. Before an
aa-tRNA can be tested at the A-site, its ternary complex binds to the CTD of an L7/L12
ribosomal subunit (schematic in Fig. 3.1A) [20-24]. In E. coli, four such L7/L12 subunits
protrude from the ribosomal stalk adjacent to the A-site [20]. Our quantitative estimate thus

indicated that the four L7/L12 subunits are essentially saturated with ternary complexes in
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moderately good growth conditions at 30°C. The presence of four TCs on flexible linkers near

the A-site presumably facilitates rapid testing of new TCs for a codon match [20].

In view of Hwa’s work, here we extend our studies of EF-Tu diffusion to include slower
growth (doubling times 62—-190 min) at 37°C arising from the effects of either nutrient limitation
or hyperosmotic conditions or both. The diffusion coefficients of fast and slow EF-Tu copies
remain quite similar under all conditions studied. In all cases, the data indicate that the four
L7/L12 sites remain essentially saturated with ternary complexes. Evidently neither the
concentration of TCs under nutrient limitation nor the diffusion coefficient of TCs in

hyperosmotic conditions limits the overall translation rate.

3.3 Results

3.3.1 Comparison of EF-Tu/ternary complex diffusion under different osmotic conditions.
We used the superresolution technique of photoactivated localization microscopy (PALM) [25]
and single-particle tracking (SPT) [26] to probe the diffusion of EF-Tu in E. coli under various
growth conditions having different translation elongation rates. EF-Tu is an essential protein.
The background, wild-type strain (WT) is E. coli NCM3722. We used a modified strain in which
the C-termini of the two genes encoding EF-Tu, tufA and tufB [27], are both fused within the
chromosome to the gene expressing the photoconvertible fluorescent protein meEos2. Thus all

expressed copies carry the meos2 label.

To vary the growth rate and also the elongation rate, we have grown cells in MOPS based
minimal growth medium (MBM) with glucose or acetate as the carbon source and with varying
osmolality, ranging from 0.28-0.81 Osm. The osmolality was varied by including different
concentrations of NaCl (0.1 M and 0.4 M) in the growth medium. Cells were grown at 37°C.

Under these growth conditions, the doubling time varied from 62 to 190 min (Table 3.1). The
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doubling time for the WT strain growing in glucose and 0.28 Osm at 37°C is 48 min compared to
62 min for the labeled strain. The labeling increases the doubling time by ~30%, a moderate
growth defect. The growth curves for the different conditions are shown in Fig. A3.1. The only
phenotypical change observed for the different growth conditions is a decrease in the mean cell

length with decreasing growth rate (Fig. A3.2).

The superresolution imaging experiments yield trajectories of the labeled EF-Tu
molecules. EF-Tu may occur as freely diffusing bare EF-Tu, EF-Tu within freely diffusing
ternary complexes, or EF-Tu within ternary complexes bound to translating 70S ribosomes. The
diffusion of free EF-Tu-mEos2 (~69 kDa) [28, 29] and free ternary complex-mEos2 (~93 kDa)
are not readily distinguished from one another by short trajectories having significant
localization error. Thus we refer to these two populations combined as “fast EF-Tu”. A free
protein of similar size should have a diffusion coefficient in the range 4-8 um?/s [30, 31].
Accordingly, we recently reported the diffusion coefficient of the fast EF-Tu population to be
Dtast = 4.9 + 1.2 um?/s for VH1000 cells growing in EZRDM at 30°C [19]. The 70S
ribosome/polysome complexes are much larger than a ternary complex (~2.5 MDa for each 70S
ribosome) [32, 33]. The diffusion coefficient of ribosome-bound ternary complexes should be the
same as that of the 70S-polysomes, ~0.3 um?/s [19, 34, 35]. This population is referred to as
“slow EF-Tu”. By modeling the distribution of single-step displacements, we obtain quantitative

estimates of the fractional populations of fast and slow states of EF-Tu in each growth condition.

We imaged the EF-Tu-mEos2 molecules in a widefield epifluorescence mode. Only a
small subset of fluorophores (~1/frame) were activated using a weak 405 nm laser and those
molecules were subsequently excited by a 561 nm laser to observe their fluorescence. The

locations of these molecules were recorded and then connected over successive frames to form
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trajectories. The mean trajectory length was ~3 steps. Imaging was carried out at the fast rate of
2 ms/frame with continuous laser illumination, in order to capture slow and fast EF-Tu copies
with similar efficiency. For each of the conditions studied, we analyzed between 1400-2100

trajectories of six steps or longer duration. These trajectories were truncated at the sixth step.

We first present a detailed quantitative analysis of EF-Tu diffusion and fractional binding
to translating ribosomes for cells grown in MBM glucose medium with 0.1 M NaCl. There

follows a comparison of the results across different growth media.

3.3.2 MBM-glucose growth medium with 0.1 M NaCl. The mean diffusion coefficient Dwean
of EF-Tu in each growth condition is obtained from the mean-square displacement (MSD) plot
vs lag time (Fig. 3.2A). In our previous study of the VH1000 strain grown in the moderately rich
growth medium EZRDM at 30°C [19], we obtained Dwean = 2.02 + 0.19 um?/s, a useful reference
number. The present study at 37°C finds only minor differences in Dmean across the different
growth conditions (Table 3.1). In particular, Dmean = 1.84 + 0.19 um?/s for MBM-glucose with
0.1 M NaCl. In each case, the intercept of the MSD plot yields an estimate of the localization

error o, which is typically ~60 nm.

To study the binding of EF-Tu to ribosomes, we used the same set of 6-step trajectories
to form a histogram of the distribution of single-step displacements between camera frames, with
each step corresponding to a time delay of At =2 ms. The resulting distribution is normalized to
obtain Per-tu(r), as shown in Fig. 3.2B for cells growing in MBM-glucose with 0.1 M NaCl.

To analyze this distribution as a sum of contributions from fast and slow EF-Tu copies, we
simulate large sets of random walk trajectories in a confining volume which matches the
dimensions of an average E. coli cell growing in each specific growth condition. Each set uses a

particular diffusion coefficient D and includes appropriate localization error, as judged from the
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intercept of the MSD plot. Each value of D yields a simulated numerical distribution of single-
step displacements Pmogei(r; D). These serve as basis functions for two-state fitting of the
experimental Per-u(r) in a least-squares sense. We combine pairs of these simulated distributions
representing the fast (Drast) and slow (Dsiow) populations in varied fractions (fsiow and

frast = 1 — fsiow) to determine the best numerical fit to the experimental Per.ty(r) distribution.

The goodness of fit is judged by the reduced chi-square statistic, y,2. For each growth condition,
we generate a three-dimensional grid of y,? values for different choices of Dsiow, Drast and fsiow.
The parameters which give the minimum y.? are chosen as our best-fit parameters. The procedure

is explained in more detail in Methods and in references [19, 34].

For MBM-glucose with 0.1 M NacCl, this procedure yields the best-fit values
Dstow = 1.35 £ 0.30 pm?/s, Drast = 3.7 £ 1.1 um?/s, and fsiow = 0.67 + 0.05, with »,2 = 1.07
(Table 3.1). The uncertainties are estimated from the range of parameter values that would
increase y,2 by 0.5 from its best-fit value. These results are very similar to those obtained earlier
for the strain VH1000 in EZRDM at 30°C [19]. In that case, we obtained the values
Dsiow = 1.0 + 0.2 pm?/s, Drast = 4.9 = 1.2 um?/s, and fsiow = 0.60 + 0.05. One-state fitting to the
same data yields only very poor fits; the best value of y,2 was 4.8 (S, Table A3.3). We also
explored three-state fitting of the same Per-tu(r) distribution with Dsiow constrained to the
ribosome value of 0.3 pm?/s and Dmedium, Drast and the fractional populations fsiow and fmedium as
adjustable parameters, making a four-dimensional search grid. This fixes
frast = (1 — fstow — fmedium). The results are detailed in Table A3.2. The best three-state fit gave
1% =1.02, only a marginal improvement over the best two-state fit. In all four growth conditions,

two-state and three-state fits gave quite similar fractions frast and diffusion coefficients Drast.
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As in the earlier study of the VH1000 strain growing in EZRDM at 30°C [19], Dsiow is
~5 times larger than the 70S polysome diffusion coefficient of Dpoiysome = 0.3 = 0.1 um?/s. Once
again we infer that Dsiow represents a composite diffusive state. The typical binding time of a
ternary complex to the translating ribosome is evidently shorter than one camera frame = 2 ms,
so that Dsiow represents a weighted average over a mixture of bound and free populations. In the
earlier study [19] we showed that the spatial distribution of the slow population indeed mimics
the three-peaked distribution of the ribosomes [36, 37], most of which are translating at a given
moment. Such a short binding time is consistent with the fast overall elongation rates of
~20 amino acids per second and the need to test ~40 aa-tRNAs on average to find a codon match

[11, 38]; see Discussion.

In the present case of MBM-glucose with 0.1 M NacCl, in order to match
Dsiow = 1.35 + 0.3 pm?/s, the slow population must be a mixture of 69 + 13% ribosome-bound
and 31 £ 13% free copies. This estimate assumes that free ternary complexes within the
ribosome-rich regions diffuse with Drast = 3.7 um?/s. The conclusion is that at any given moment,
46 + 9% of the entire EF-Tu population comprises ternary complexes bound to translating
ribosomes: this is 0.69 of the 67 = 5% of copies exhibiting the slow apparent diffusion

coefficient Dsjow.

We can leverage this result to provide a quantitative estimate of the mean number of
EF-Tu copies (ternary complexes) bound to each translating ribosome. In all conditions studied
here, including MBM-glucose with 0.1 M NaCl, Hwa and others [14, 16, 18] have found that the
total copy number of EF-Tu is 6 to 7 times greater than the total copy number of ribosomes. In
addition, for MBM-glucose with 0.1 M NaCl, only 85 + 5% of ribosomes occur as translating

70S copies [14]. From Eg. 4 in Methods, we conclude that on average, the mean number of
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EF-Tu bound as ternary complexes to each translating ribosome is Ner-tu70s = 3.5 £ 0.8. That is,
the four L7/L12 stalk proteins are essentially saturated with ternary complexes. The overall

uncertainty comes from propagating uncertainties in each factor in Eq. 4.

Alternatively, we can obtain an analogous estimate of Ner-tu70s using the three-state
fitting results of Table A3.2. Details are provided in the Methods section. Here we assume that
fsiow arises from a population of ternary complexes that remain ribosome-bound for the entire 2
ms frame duration, fmedium IS @ cOmposite population that makes bound-free transitions during the
2 ms frame time, and frast arises from freely diffusing copies. For MBM with 0.1 M NaCl, the

result is Ner-tu70s = 3.5, the same as that obtained from the two-state fits.

3.3.3 Comparisons across different nutrient and osmotic conditions. For the higher salt
condition MBM-glucose with 0.4 M NaCl (doubling time 104 min), Dmean = 1.79 + 0.16 pm?/s
from the MSD plot (Fig. 3.2A), essentially the same as for 0.1 M NaCl. The distributions Per-
Tu(r) for the two salt conditions are compared directly in Fig. 3.3A, and the two-state
decomposition for

0.4 M NaCl is shown in Fig. 3.3B. The two-state fitting procedure yields Dsiow = 1.0 + 0.1 um?/s,
Drtast = 3.5 + 1.0 um?s, and fsiow = 0.65 + 0.05. The raw data and the numerical fitting results are
quite similar for the two osmotic conditions, although the doubling time has increased by a factor
of 1.65, from 62 min at low salt to 104 min at high salt. For glucose medium at higher salt, the
same procedure yields Ner-tuos = 3.9 £ 0.6 for the estimated number of ternary complexes

bound to each translating ribosome.

Still slower doubling times are achieved by changing the growth medium to MBM-
acetate with 0.1 M or 0.4 M NacCl, resulting in doubling times of 101 and 190 min, respectively.

The values of Dmean from MSD plots and the best-fit two-state diffusion coefficients remain quite
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similar to those in glucose (Table 3.1). In addition, the estimated number of ternary complexes
bound to each translating ribosome remains high, Ner-tu7os =3.6 £ 0.7 and 3.9 £ 0.7,
respectively. For all these cases, the measured distributions Per-1u(r) and the best two-state fits

are presented in Figs. A3.3 and A3.4. The numerical results are summarized in Table 3.1 and 3.2.

The Appendix also summarizes the best three-state fits in each case. In all four growth
conditions, the three-state fits yield estimates for Ner-tu7os that lie within 10% of the estimates
from two-state fits. The conclusion that the four L7/L12 sites are essentially saturated with

ternary complexes under all four growth conditions is robust.

Finally, we re-state a control from the earlier study [19] that demonstrates that our
analysis does not always find ~4 bound EF-Tu per 70S ribosome. There we expressed a mEos2-
labeled EF-Tu"*8A mutant from a plasmid and measured its diffusive properties. Rodnina lab
[21] has shown that this mutation causes weaker binding to L7/L12. Accordingly, the same
analysis procedure yielded the result of 1.8 bound EF-Tu"“**8A per 70S ribosome. When mEos2-
labeled WT EF-Tu was expressed from an analogous plasmid, we recovered the result of ~4

bound EF-Tu copies per 70S ribosome.
3.4 Discussion

It is important to recognize that these measurements locate and track EF-Tu copies, not
ternary complexes per se. In live E. coli, EF-Tu can occur as bare EF-Tu or as EF-Tu within a
charged ternary complex (aa-tRNA-EF-Tu—GTP). In our earlier study in EZRDM, we used in
vitro binding constants to estimate that in E. coli the TCs outnumber bare EF-Tu copies by about
a factor of 2.2 (~70% of all EF-Tu present as TCs). Our data do not directly demonstrate that the

slowly diffusing component involves ternary complexes bound to ribosomes. In vitro Kinetics
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studies have shown that both bare EF-Tu [39] and TCs [21, 22, 40] bind to 70S ribosomes.
However, in similar conditions in vitro, kon is about 1000 times larger for TCs [41] than for bare
EF-Tu [39]. This indicates that an empty L7/L12 site will almost always capture a TC rather than

a bare EF-Tu.

For a given mRNA codon waiting for arrival of a matching tRNA at the A-site, the vast
majority of ternary complexes are not cognate. We previously estimated that on average ~40 TCs
must be tested before finding a cognate TC [11, 38]. Thus our measurements apply to the typical
event in which a mismatched TC binds to one of the L7/L12 sites, is tested for a codon match,
fails the test, and dissociates from the A-site without GTP hydrolysis becoming once again a free
TC. A simple model of this process for non-cognate TCs is depicted in Fig. 3.1A. As suggested
before [20], the presence of four flexibly tethered L7/L12 binding sites in close proximity to the
A-site may serve to capture TCs efficiently and to provide a steady supply of TCs for rapid
codon testing. The average translation rate in E. coli can be as fast as ~20 aa/s
[3, 42]. If 40 TCs on average must be tested before finding a codon match, the timescale for
binding and testing an individual TC must be ~1 ms or faster. It may be much less if subsequent
processing of a matching aa-tRNA takes up a substantial fraction of the elongation cycle. That
estimate supports our assumption that the best-fit values of Dsiow ~ 1 um?/s are a weighted
average of diffusion while bound to the ribosome and diffusion while searching for an open

L7/L12 binding site.

Across the different nutrients and different external osmolalities tested, for which the
doubling time varies from 62 min to 190 min, we find no significant quantitative differences in
EF-Tu/ternary complex diffusive properties. The best-fit diffusion coefficients Drast Of the freely

diffusing component all lie in the range 3.5-4.3 pm?/s, and they overlap each other within the
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error estimates (Table 3.1). This observation is qualitatively consistent with the results of an
earlier study of GFP diffusion in the cytoplasm of E. coli grown in MBM with glucose as carbon
source and adapted to high growth osmolality induced by addition of NaCl in the medium [43].
For cells adapted to grow at 0.28 Osm and 0.65 Osm (nearly matching our two MBM)/glucose
conditions), the mean GFP diffusion coefficient was 13.8 + 3.8 um?/s and 13.3 * 3.2 um?/s,
respectively. Only at higher growth osmolality did the GFP diffusion coefficient begin to

decrease, and the decrease remained quite moderate even up to 1.45 Osm.

In all growth conditions studied here, our results combined with copy number estimates
from the literature indicate that the four L7/L12 stalk proteins on translating ribosomes are nearly
saturated with ternary complexes. The estimates for Ner-tu7os (Table 3.2) all lie in the narrow
range 3.5-3.9 and overlap each other within the error estimates. A variety of other GTPases,
most importantly EF-G, but also including factors such as IF2, EF4/LepA, and RF3, must
compete with EF-Tu for L7/L12 binding sites [20, 23, 44, 45]. Most of these factors exhibit in
vitro binding constants to L7/L12 that are comparable to that of EF-Tu [23, 46]. However, it is
plausible that EF-Tu will dominate occupancy of the L7/L12 sites, primarily because of the
much smaller copy numbers of its competitors. For example, in glucose minimal medium, there
are 6-7 EF-Tu copies per ribosome compared with only ~1 EF-G copy per ribosome [18]. This is
consistent with the fact that arrival of every aa-tRNA (cognate and non-cognate) must involve
TC binding to L7/L12, whereas EF-G is needed only when a cognate TC is accommodated into
the A-site, a relatively rare event. In similar growth conditions, the EF-Tu copy number exceeds
those of IF2, EF4/LepA, and RF3 by a factor of 200-300 [18]. Accordingly, these factors are
required only for translation initiation, back-translocation, or termination, which are extremely

rare events.
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Finally, the copy numbers relative to ribosomes of EF-Tu (6-7), EF-G (0.8-0.9), and
tRNA (~9) remain sensibly constant across all the growth conditions studied here [14, 16]. In
addition, the tRNA charging levels lie in the narrow range 60-80% [14, 16]. We therefore expect
the partitioning of EF-Tu copies between TCs and bare EF-Tu to be similar in all the conditions
studied here. The stability of the number of bound EF-Tu per 70S ribosome across growth

conditions seems consistent with that result.

The present results indicate that delivery of ternary complexes to the L7/L12 binding
sites of the translating ribosome is not the rate-limiting step in the overall translation process, at
least for the range of growth conditions investigated here. This conclusion disagrees with
inferences drawn in the recent work from the Hwa lab. Under nutrient limitation, they concluded
that the overall translation rate decreases primarily due to a shortage of ternary complexes [14].
Under hyperosmotic stress, they concluded that the translation rate decreases primarily due to
enhanced crowding, which slows the diffusion-limited rate of binding of ternary complexes to
the ribosomal A-site [16]. The coarse-grained Michaelis-Menten model with ribosome as
enzyme and cognate ternary complexes as substrate fits the Hwa data well, but would seem to

require modification.

If delivery of TCs to the L7/L12 sites is not rate limiting for the overall translation rate,
what is the rate limiting step? There are many possibilities--protein synthesis is a complex,
multistep process. First the 30S subunit must find a Shine-Dalgarno sequence on a message [47].
The 50S subunit must be recruited and synthesis begun with the help of the initiation factors IF1,
IF2 and IF3 [48]. Each subsequent elongation cycle involves recruitment and testing of ternary
complexes, accommodation of a codon-matched aa-tRNA at the A-site, formation of the new

chemical bond to the growing peptide chain, and translocation of the message and the tRNAs
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through the ribosome with the help of EF-G [6]. Once the chain is complete, additional factors
RF1, RF2 and RF3 assist termination [49]. Our results only indicate that one or several of these
many mechanistic steps becomes slower and rate limiting under both nutrient limitation and

higher growth osmolality.

One common consequence of both nutrient limitation and osmotic upshift is enhanced
synthesis of the “magic spot”, (p)ppGpp [50-53]. In vitro binding studies indicate that ppGpp
competes with GTP for its binding site within many GTPases, including EF-Tu within the
ternary complex, EF-G, EF-Ts, the translation initiation factor 1F2, and also the release factor
RF3 [44, 45, 54]. A simple suggestion is that as growth slows down, one or several of these
cofactors occasionally arrives at the ribosome containing ppGpp rather than GTP. For example,
if a fraction of ternary complexes contained ppGpp, it would not perturb the initial TC binding
step to L7/L12, because the GTP binding site is different from the L7/L12 binding site [21, 55].
However, when a cognate ternary complex arrives at the A-site, the accommodation process is
driven by activation of the GTPase within the ternary complex, GTP hydrolysis, and phosphate
release [6]. The overall translation rate would be suppressed if some fraction of the cognate TCs
contained not GTP, but ppGpp, thus thwarting the accommodation step. This is only one of many

possibilities.

3.5 Materials and Methods

3.5.1 Bacterial strains. In E. coli, EF-Tu is expressed from two essentially identical genes: tufA
and tufB. Both of these genes were endogenously labeled at the C-terminus with a
photoconvertible fluorescent protein, mEos2, via the lambda red technique [56] in the
background strain NCM3722, the same strains used by the Hwa lab [14, 16]. The doubling time

of the labeled strain is 62 £ 2 min compared to 48 £ 1 min for the wild-type (WT) strain, when
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grown in MOPS based minimal medium (MBM) with glucose and normal osmolality (0.28 Osm)
at 37°C. The labeling causes a ~30% increase in doubling time, a moderate growth defect
considering that

EF-Tu is an essential protein. The growth conditions and the corresponding doubling times of the

labeled EF-Tu strain are collected in Table A3.1.

3.5.2 Cell growth and preparation for imaging. The cells were grown in an air shaker (New
Brunswick Excella E24, from Eppendorf) maintained at 200 rpm and 37°C. Bulk cultures from
frozen glycerol stock solution were grown overnight to stationary phase in LB or LB + 0.3 M
NaCl. On the following day the stationary phase culture was first washed and then again grown
to stationary phase in MBM, a MOPS-buffered solution with supplemental metal ions (M2101;
Teknova, contains 0.05 M NaCl), glucose (0.2% w/v) or Sodium acetate (60 mM), 1.32 mM
KH2PO4, and varying amount of NaCl. The NaCl amount was varied to obtain a final Na*
concentration of 0.1 M or 0.4 M, yielding final osmolality of ~0.28 Osm and ~0.81 Osm,
respectively. Osmolalities were measured with a Wescor Vapro 5520 vapor pressure osmometer
(Wescor, Logan, UT). On the following day, the stationary phase culture was divided into
subcultures with 100-fold dilution in fresh MBM with appropriate NaCl concentration and grown
again to exponential phase (OD = 0.2-0.5). Cells were then plated on a polylysine coated
coverslip and covered with a CoverWell perfusion chamber (Electron Microscopy Science, PA)

with a well volume of 140 L.

3.5.3 Superresolution imaging of live E. coli cells. The imaging and single-particle trajectory
analysis were performed similarly to the method described in our previous study [19]. The cells
were imaged within 5 min of plating. Individual fields of view were imaged no longer than 20 s

to minimize laser damage. Each prepared sample was imaged for no longer than 30 min, during
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which cells continued to grow normally. Cells were imaged on an inverted microscope (Nikon
Instruments, model Eclipse-Ti, Melville, NY) equipped with an oil immersion objective (CFI
Plan Apo Lambda DM 100x Qil, 1.45 NA; Nikon Instruments), a 1.5x tube lens, and the Perfect
Focus System (Nikon Instruments, Melville, NY). The fluorescence images were recorded on a
back-plane illuminated electron-multiplying charge-coupled device (EMCCD) camera (Andor
Technology, iXon DV-860, South Windsor, CT) at the rate of 485 Hz (2.06 ms/frame). The
camera chip consisted of 128 x 128 pixels, each 24 um x 24 um. The effective pixel size after
150x magnification is 0.16 um x 0.16 pum. The fluorescent protein mEos2 was activated using a
405 nm laser (CrystalLaser, Reno, Nevada, CW laser); the photoconverted state was
subsequently excited with a 561 nm laser (Coherent Inc., Sapphire CW laser, Bloomingfield,
CT). Both lasers illuminated the sample for the entire duration of image acquisition. Emission
was collected through a 617/73 bandpass filter (bright line 617/73-25; Semrock, Rochester, NY)
or a 610/75 bandpass filter (Chroma technology Corp, Bellows Falls, VT). The 405 nm power
density at the sample was ~5-10 W/cm?, which kept the average number of activated molecules
in each camera frame to ~1. The 561 nm laser power density at the sample was ~8 kW/cm?.
3.5.4 Single-molecule image analysis. The fluorescent images were analyzed using a MATLAB
GUI developed in our lab. Two different digital filters were used to attenuate the noise in the
images, namely, Gaussian and boxcar. Fluorescent signals were then identified using a peak
finding algorithm with a user defined single-pixel intensity threshold. A particle is identified if
the local intensity maximum is higher than the threshold. The threshold is carefully chosen large
enough so that the algorithm can distinguish between the background and the signal and small

enough to avoid cutting trajectories unduly short.
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A centroid algorithm was used to locate the identified particles with sub-pixel resolution.
Rapidly moving molecules have images that are blurred asymmetrically due to diffusion during
the camera frame. Centroid fitting can locate these particles with better accuracy than Gaussian
fitting. The centroid algorithm is also faster computationally. A 7 x 7 pixel box was drawn
around the intensity maxima and the centroid of all the pixel intensities within the box was
calculated. The centroid positions from successive frames were connected to form a trajectory
only if they lie within 3 pixel = 480 nm of each other. A modified MATLAB version of the

tracking program written by Crocker and Grier was used [57].

3.5.5 Mean-square displacement plots MSD(t). The mean-square displacement (MSD) as a
function of lag time © provides a measure of the mean diffusion coefficient averaged over all
molecules. It is defined by MSD(7) = < (r(t + 1) — r(t))? >, where r(t) is the two-
dimensional location of the particle at time t, t is the lag time, and the average is taken over all
times t and over many trajectories. The slope of the first two points of an MSD(x) plot provides
an estimate of the mean diffusion coefficient: Dwean = slope/4. The MSD equation factors in the
localization error o , which can be measured from the y-intercept of the plot, [58] but it does not
account for confinement effects. Even for 6-step long (12 ms) trajectories, for rapidly diffusing
species with D ~ 5 pm?2-s', confinement restricts diffusive trajectories and causes downward
curvature of the MSD plot. Hence the estimated mean diffusion coefficient yields a lower bound
of the true Dwmean. The trajectory analysis presented below takes into account both the localization
error and confinement effects.

3.5.6 Monte Carlo simulations of diffusive trajectories. As explained in our previous work
[19, 34], we fit our experimental Per.1u(r) single-step displacement distribution with two-state

simulated distributions that account for the confinement effects. There is no analytical solution
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that includes confinement effects; the best estimates of the true diffusion coefficients is obtained
by simulation. We have assumed that the two diffusive states have different localization errors,
oslow and orast. The estimation of csiow and otast is explained in detail in our previous paper [19].
We simulated large number of random walk trajectories, each moving with a particular diffusion
coefficient D with localization error csiow OF Grast. The simulations are carried out in a confining
spherocylinder, which mimics the mean length of an E. coli cell growing in each particular
growth medium. The cell diameter was kept at 0.8 um, consistent with the observation from
phase contrast imaging that cell diameter varies little under different growth conditions. Each set
of simulated trajectories represents one diffusive state with fixed D and 6. We simulated 5000 6-
step long trajectories for each set, with 1000 microsteps during the 2 ms time between camera
frames. These trajectories are used to compute model-based, numerical one-step probability
distributions Pmodgel(r; D) for the numerical least-squares analysis of the corresponding
experimental distributions. The simulation procedure is explained in more detail in our previous
paper [19].

3.5.7 Fitting of single-step P(r) distributions to static, two-state models. For every growth
condition, experimental trajectories which lasted 6 steps or longer were selected for analysis. The

trajectories were truncated at the 6" step. The 6-steps trajectories were then sliced into individual

steps. The displacement in every step was calculated as r; = \/(xl-+1 —x)?+ (Vi1 —yi)? and
were pooled to form the distribution P(r) as in Fig 3.2B. We typically attempt to fit the
experimental distribution P(r) in a least-squares sense to a weighted average of two static
populations. For unconstrained models including two static (non-exchanging) states, the fitting
function is the linear combination Pmodei(r) = fsiowP(r; Dsiow) + (1 — fsiow)P(r; Drast). Here the three

fitting parameters are Drast, Dsiow, and the fractional population fsiow, Which in turn fixes
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frast = (1 — fsiow). For all our fitting procedures, Drast ranged from 0.1 to 9 um?/s with interval of
0.1 pm?/s and Dsiow ranged from 0.05 to 3 um?/s with interval of 0.05 pm?/s. The goodness of
each fit was evaluated by calculating the reduced chi-square statistic (y,%). We generated a 3-D
matrix of y,? values, with each axis representing one of the three fitting parameters. The
parameters which gave the minimum y,? were chosen as the best fit. The P(r) fitting and the error
estimation in the fitting parameters are explained in further detail in our previous paper [19]. The
fitting results for each of the growth conditions are listed in Table 3.1.

3.5.8 Average number of copies of EF-Tu bound to one translating, 70S ribosome. Two-
state modeling of the single-step displacement distribution Per-1u(r) yields the best fit parameters
Drast, Dslow, and fsiow plus their uncertainties. In all cases, Dsiow is much larger than the diffusion
coefficient of translating, 70S ribosomes, D7os = 0.3 + 0.1 pm?/s. Therefore we assert that Dsiow iS
a weighted average of the 70S diffusion coefficient and of Drast :

Diow = aD7os + (1 — a)Dgq, (2)
where a is the fraction of the apparent slow population that is bound to 70S ribosomes. We can
solve for a in terms of measured quantities:

a = (Dsast — Dsiow)/(Dfast — Do) (3)
The mean number of EF-Tu copies bound per 70S ribosome is then:

Ngp_ruj70s = A fsiow@/B (4)
where fsiow is the apparent fraction of slow EF-Tu copies, Q is the ratio of total EF-Tu copies to
total ribosome copies, and B is the fraction of ribosomes engaged in translation. For all growth
conditions studied here, Q lies in the range 6—7 and (3 (for glucose) = 0.85 = 0.05 and 3 (for

acetate) = 0.70 + 0.05. The values for the 0.1 M NaCl media for both glucose and acetate are

obtained from ref [14]. The values for higher salt media are kept same as the lower salt ones in
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accord with ref [16]. Table 3.2 includes the values of o, Q, and 3 used for each of the four
growth conditions studied, along with their estimated uncertainties. The resulting values of Ner-
Turros are included in Table 3.2 in the main text. The uncertainties are derived by propagating
uncertainties in each of the factors in Eq. 4.

For three-state fitting (Table A3.3), the analogous equations are:

NEF—Tu/7OS = (afmedgium + fsiow)Q/B ®)

a = (Dfast - Dmedium)/(Dfast - Dslow) (6)

The resulting values are included in Table A3.2.
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3.6 Figures and Tables

A Four
L7/L12

Fig. 3.1: A) Schematic diagram of ternary complexes (TCs) binding to the four L7/L12
ribosomal sites prior to codon testing at the A-site. Because most of the TCs are not cognate,
these experiments pertain to the preponderance of events in which a TC binds and is tested and
rejected. This must be very rapid to enable delivery of (the unusual) cognate TCs at ~20 aa/s or
even faster. B) EF-Tu/ternary complex trajectories overlaid on the phase contrast image of a cell

grown in MBM-glucose with 0.1 M NaCl at 37°C.
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Fig. 3.2: A) MSD vs 1 plot of EF-Tu/ternary complex in different growth media at 37°C as
indicated. The mean diffusion coefficient Dmean as estimated from the slope of the first two points
is quite similar in all the different growth conditions studied (Table 3.1). B) Histogram of the
normalized single-step length distribution of EF-Tu/ternary complex in MBM-glucose with 0.1
M NaCl at 37°C. Best-fit two-state model results are shown. See Table 3.1, Methods, and

Appendix for details.
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Fig. 3.3: A) Comparison of experimental single-step length distributions of EF-Tu in MBM-
glucose plus 0.1 M NaCl and 0.4 M NaCl. The two distributions overlap closely. B) Best-fit two-

state model of Per-ty(r) in MBM-glucose plus 0.4 M NaCl.
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Table 3.1. Results of two-state fitting of EF-Tu diffusion for four different growth conditions.

Glucose - 0.1 M NaCl
Glucose - 0.4 M NaCl
Acetate - 0.1 M NaCl
Acetate - 0.4 M NaCl

EZRDM 30°C

(Osm)
0.28
0.81

0.3
0.81
0.28

Growth medium @ Osmolality Doubling

time (min)
62 +2
1044
1012
1909
60 +3

Dwean (HmZ/S)

1.84+0.19
1.79+0.16
2.38+0.21
1.94£0.16

2.02+0.19

Drast © (}.lmZ/S)

3.7+x11
35+£10
43%0.9
41+0.6

4912

Dstow (HmZ/S)

1.35+0.30
1.0+0.1
15+03

1.65+0.20

1.0+0.2

fslow®

0.67 £0.05
0.65 £ 0.05
0.55 £ 0.05
0.65 £ 0.05

0.60 £ 0.05

12°
1.07
1.28
0.95
1.15

1.24

& All at 37°C, except for EZRDM at 30°C (Mustafi and Weisshaar, 2018).
b From initial slope of MSD plots (Fig. 3.2A).

¢ Best-fit parameters from two-state fitting of Per-1u(r) histograms (Fig. 3.2B, 3.3B and A3.4B,C

and Methods). Fractional population of the fast state is frast = (1 — fsiow). x> is the reduced chi-

square statistic for the best fit.

Table 3.2. Number of EF-Tu bound per 70S ribosome for different growth conditions.

Growth medium
Glucose — 0.1 M NaCl
Glucose — 0.4 M NaCl
Acetate — 0.1 M NaCl
Acetate — 0.4 M NaCl

o &P
0.69+0.13
0.78 £ 0.08
0.70+0.10
0.64 +0.08

fslow ab

0.67 £0.05
0.65+0.05
0.55+0.05
0.65+0.05

Qac
6.5+05

6.5+0.5
6.5+05
6.5+05

ﬂa,d
0.85+0.05

0.85+0.05
0.70+0.05
0.70+0.05

Ner-Turros
35+£0.8
3.9+£0.6
3.6+£0.7
3.9+£0.7

& Parameters from Eq. 4.

b \/alues obtained from two-state fitting as shown in Table 3.1.

¢ The copy number ratio of EF-Tu to ribosome stays nearly constant across growth conditions
(Dai et. al., 2016, Dai et. al., 2018).

d Values for glucose and acetate at 0.1 M NaCl are obtained from Fig 3c of Dai et. al., 2016. The

values for higher salt are kept same as the lower salt according to Fig 1d of Dai et. al., 2018.
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Fig. A3.1: Growth curves of the labeled EF-Tu (tufAB) strain in the NCM3722 background in
different growth media as indicated. The temperature is 37°C in all cases. The data for WT

(NCM3722) cells grown in MBM-glucose - 0.1 M NaCl are shown for comparison with the
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mutant strains. Growth slows down on changing the carbon source from glucose to acetate and

also with increasing salt concentration from 0.1 M to 0.4 M NaCl.
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Fig. A3.2: A) Example of typical phase contrast images of cells growing different MBM media
as shown. The cell length changes with nutrient limitation as well as with higher osmolality. B)
Plot of mean cell length vs exponential growth rate A (hrl). The exponential growth rate is
related to the doubling time t> as: A = In2/t,. Data from 40 cells for each condition. The mean cell

length increases roughly linearly with growth rate. Vertical bars show + 1 standard deviation.



116

— Glucose - 0.1 M NaCl
— Acetate - 0.1 M NaCl
0.031
S
2 0.021
ch
0.011
0.00 . ] : ]
0.0 0.1 0.2 0.3 04

r (um)

Fig. A3.3: Comparison of experimental single step length distributions of EF-Tu in glucose with

0.1 M NacCl vs acetate with 0.1 M NaCl.
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Fig. A3.4: A) Comparison of experimental single step length distributions of EF-Tu in MBM-
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acetate with 0.1 M NaCl and with 0.4 M NaCl. B) Two-state fitting of Per-ty(r) in MBM-acetate

with 0.1 M NaCl. C) Two-state fitting of Per.tu(r) in MBM-acetate with 0.4 M NaCl.
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Fig. A3.5: A) Best three-state fits to experimental single step length distributions of EF-Tu in

glucose with 0.1 M NaCl. Dsiow is fixed at 0.3 um?/s. B) Best three-state fit to Per-u(r) in glucose

with 0.4 M NaCl. C) Best three-state fit to Per-tu(r) in acetate with 0.1 M NaCl. D) Best three-

state fit of Per-1u(r) in acetate with 0.4 M NaCl. See Table A3.2 for summary of best-fit

parameters and y,°.
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Table A3.1: Doubling times and the corresponding growth rates of the different strains in different

growth conditions.

Growth Medium 2

NCM3722 WT in glucose — 0.1 M NaCl
tufAB in glucose - 0.1 M NaCl
tufAB in glucose - 0.4 M NaCl
tufAB in acetate - 0.1 M NaCl
tufAB in acetate - 0.4 M NaCl

Doubling time (min)

48 +1
62+2

104 £ 4
101 +2
190+ 9

Growth rate A (hr?)

0.87 +0.02
0.67 +0.02
0.40 £ 0.02
0.42+0.01
0.22+0.01

& Allat 37 °C.

Table A3.2: Three-state fit parameters of EF-Tu single-step displacement distribution in

different growth conditions.

Growth Medium Dsiow?
(all at 37°C) (um?/s)

Glucose - 0.1 M NaCl 0.3
Glucose - 0.4 M NaCl 0.3
Acetate - 0.1 M NaCl 0.3
Acetate - 0.4 M NaCl 0.3

Dmediumb
(um?/s)
195+04
1.4+0.2
2.7%0.6

2.15+0.3

Dfastb
(um?/s)
3712
3511
45+14

41+12

fslow b

0.20+£0.05
0.15+0.05
0.15+0.05
0.10+0.05

fmedium b

0.50 £ 0.05
0.51+0.05
0.45+0.05
0.60 +0.05

sz b

1.02
1.24
0.79
1.05

NEF-Turos ©

3.5+09
3.7+0.8
32%+11
3.8%12

2 Dgjow Was fixed at 0.3 um?/s in all cases.

b Best-fit parameters from three-state fitting of Per.u(r) histogram.

¢ Calculated using the three-state model of Eq. 5. The middle fraction was considered to be a
composite of ribosome-bound and free EF-Tu.

Table A3.3: One-state fits of EF-Tu single step displacement distributions in different growth

conditions.

Growth Medium 2
Glucose - 0.1 M NaCl

Glucose - 0.4 M NaCl
Acetate - 0.1 M NaCl
Acetate - 0.4 M NaCl

D (um?/s)
1.4+£03
0.7x£0.1
23+0.2
1.3+£0.3

X
4.78
8.87
4.09

5.74

& All at 37 °C.
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Chapter 4:

Long-term Effects of the Proline-rich
Antimicrobial Peptide Oncocinl12 on the E.
coli cytoplasm

Reproduced from:

Mustafi M, Zhu Y, Weisshaar JC, Long-term Effects of the Proline-rich Antimicrobial Peptide

Oncocinl112 on the E. coli cytoplasm, 2019, manuscript in preparation.



121

4.1 ABSTRACT

Proline-rich antimicrobial peptides (PrAMPs) are cationic AMPs unusual for their ability to
penetrate bacterial membranes and kill cells without causing membrane permeabilization.
Structural studies show that many such PrAMPs bind deep in the peptide exit channel of the
ribosome, near the peptidyl transfer center (PTC). Biochemical studies of the particular synthetic
PrAMP oncocin112 (Onc112) suggest that on reaching the cytoplasm, the peptide occupies its
binding site prior to the transition from initiation to the elongation phase of translation, thus
blocking further initiation events. We present a superresolution fluorescence microscopy study of
the long-term effects of Onc112 on ribosome, EF-Tu, and DNA spatial distributions and
diffusive properties in intact E. coli cells. The new data help to corroborate earlier mechanistic
inferences from studies in vitro. Comparisons with the diffusive behavior induced by the
ribosome-binding antibiotics chloramphenicol (Cam) and kasugamycin (Ksg) show how the
specific location of each agent’s ribosomal binding site affects the long-term distribution of
ribosomal species between 30S and 50S subunits vs 70S-polysomes. Analysis of the single-step
displacements from ribosome and EF-Tu diffusive trajectories before and after Onc112 treatment
suggests that the act of codon testing of non-cognate ternary complexes (TCs) at the ribosomal
A-site enhances the dissociation rate of such TCs from their L7/L12 tethers. Such enhancement
enables codon testing of the TCs to occur at a rate sufficiently rapid to keep up with the very fast

elongation rate of ribosomes for cells in fast exponential growth.
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4.2 INTRODUCTION

Most antibiotics currently in use against bacterial infections disable a specific essential
cellular mechanism, such as translation (e.g., erythromycin), transcription (rifampicin),
membrane biosynthesis (ampicillin), or DNA replication (norfloxacin). As a result, development
of resistance by localized mutations in the targeted species is often facile. As harmful bacteria
become increasingly resistant to antibiotics, there is a critical need to develop new antibacterial
agents. A promising class of compounds is the large family of antimicrobial peptides (AMPs),
part of the innate immune response of a wide variety of organisms including humans. Many of
these short (~20 aa long), typically cationic peptides are potent bacteriocidal agents that leave
eukaryotic cells largely unharmed [1]. The first step in the attack of most cationic AMPs is the
permeabilization of the membrane(s) of Gram-negative or Gram-positive species. In general, on
gaining access to the bacterial cytoplasm, AMPs subsequently disrupt a variety of cellular

processes.

Intriguingly, the subclass known as proline-rich AMPs (PrAMPs) evidently attack and
kill Gram-negative bacteria such as E. coli without permeabilizing the membranes [2]. These
cationic peptides are enriched in proline residues, which often occur in conserved patterns that
also include arginine residues [3]. Examples include apidaecin from bees, oncocin from
milkweed bugs, and bactenecin 5 and 7 from ruminant animals [3-5]. At low concentrations near
the minimum inhibitory concentration (MIC), the PrAMPs primarily use a “Trojan horse”
mechanism to enter the bacterial cell via the SbmA transporter or one of its homologs [3, 6].
SbmA resides in the cytoplasmic membrane of some Gram-negative species and imports the
highly cationic PrAMPs into the cytoplasm using the proton motive force. Once they have

entered the cytoplasm, the PrAMPs target 70S ribosomes. No homolog of the SbmA transporter
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occurs in eukaryotic cells, explaining the low cytotoxicity of the PrAMPs. This makes PrAMPs

an attractive class of antibacterial agents for further refinement [5].

One such natural PrAMP is oncocin. Specific amino acid residues of oncocin have
recently been modified to increase its potency, giving rise to the synthetic oncocin112 (Onc112;
sequence VDKPPYLPRPRPPRrIYNr-NH2, in which r denotes d-arginine; net charge +6) [7, 8].
In 2015, two labs published X-ray crystallography structures of Onc112 bound to the 70S
ribosome in complex with a short MRNA and with a deacylated tRNA™¢t or tRNAM®! bound at
the P-site [9, 10]. The structures showed that Onc112 binds deep within the peptide exit channel
and extends into the peptidyl transferase center (PTC), where it overlaps what would be the
binding site of an incoming aa-tRNA at the ribosomal A-site (Fig. 4.1A). From this structure and
from biochemical experiments, it was inferred that Onc112 blocks the transition of the 70S
ribosome from the initiation complex into the peptide elongation phase of protein synthesis. The
suggestion is that Oncl112 enters the ribosome through an empty peptide exit channel, i.e.,
Onc112 must bind before elongation has begun to fill the exit channel and to block the Onc112
binding site. Therefore, ribosomes bearing Onc112 stall at the initiation site and cannot transition
to peptide elongation. In addition, experiments using a short, di-cistronic mRNA suggested that
binding of Onc112 also destabilizes the initiation complex itself, presumably due to spatial
overlap between Onc112 and the fMet moiety of the fMet-tRNA™¢ hound in the P-site [10].
Ribosomes can still assemble as 70S initiation complexes on the mRNA, but with decreased

stability.

This is somewhat reminiscent of the behavior of certain ribosome-targeting antibiotics
such as chloramphenicol (Cam), kasugamycin (Ksg), and many others. Cam binds the 70S

ribosome at the A-site crevice near the exit channel, hindering the binding of an incoming aa-
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tRNA to the A-site (Fig. 4.1A) [11]. Unlike Onc112, Cam can bind to elongating ribosomes, not
just to initiation complexes [12]. Thus Cam potentially blocks elongation by all 70S ribosomes.
In another example, Ksg binds to the mRNA exit channel within the 30S subunit, overlapping
both the E-site and P-site (Fig. 4.1A) [13]. Ksg prevents binding of fMet-tRNA™¢t and also
blocks the E-site to prevent elongation. Thus Ksg halts the initiation step and prevents the onset

of elongation [13].

We have used fluorescence microscopy to study in real time the sequence of events
during the attack of AMPs on single, live E. coli cells [14, 15]. Different assays can dissect the
onset of outer membrane permeabilization, cytoplasmic membrane permeabilization [16], the
halting of growth, induction of oxidative stress [17], and alterations in the spatial distributions
and diffusive properties of a variety of cytoplasmic components [18]. In this study, we
quantitatively characterize the long-term effects of Onc112 on the spatial distributions
ribosomes, EF-Tu, and the chromosomal DNA in intact E. coli cells. We also compare the
effects of Onc112, Cam, and Ksg on the diffusive behavior of the same cytoplasmic components.
The results help to corroborate earlier mechanistic inferences from in vitro studies and provide

new biophysical insight into their effects on the overall condition of the E. coli cytoplasm.

Oncl112 and Ksg, both of which block transitions to the elongation phase of translation,
have very similar effects on ribosome diffusion, increasing the average diffusion coefficient by a
factor of 2. Cam, which can halt translation by 70S ribosomes during the elongation phase, has a
minor effect on the average ribosome diffusion coefficient. All three treatments decrease the
average EF-Tu diffusion coefficient by a factor of 1.3—1.6. These results correlate well with
information from the earlier structural studies of the Onc112, Ksg, and Cam specific binding

sites within the ribosome. Analysis of the single-step displacement distributions from ribosome
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and EF-Tu diffusive trajectories suggests that the act of codon testing of non-cognate ternary
complexes (TCs) at the ribosomal A-site hastens the dissociation of such TCs from their L7/L12
tethers. This enables sufficiently rapid codon testing to keep up with the very fast elongation rate

of ribosomes in good growth conditions.

4.3 RESULTS

4.3.1 Effects of Onc112 on cell growth

The minimum inhibitory concentration (MIC) of Onc112 over 6 hr in EZ rich, defined
medium (EZRDM) at 30°C is 1 uM (Fig. A4.1). We plated wild-type (WT) VH1000 cells on a
poly-L-lysine coated coverslip enclosed by a microfluidic chamber. Such cells grow normally in
a flow of fresh, aerated EZRDM. At t = 0, we initiate flow of a constant concentration of
Oncl12 in EZRDM through the microfluidic chamber and monitor cell length vs time as
determined from phase contrast images by the program Fiji [19]. In Fig. 4.2A, we plot L(t)/Lo,
the cell length as a function of time normalized to the length at t = 0, averaged over 10-23 cells
for different concentrations of Onc112. For all concentrations, the plots begin to curve
downward at t ~ 5 min after the onset of Onc112 flow. The higher the concentration of Onc112,
the sooner cell length begins to plateau. For 5 uM and higher concentrations, the effect on cell

growth is similar.

To test for evidence of outer membrane disruption by Onc112 in our conditions, we
applied fixed concentrations of the PrAMP to cells expressing GFP with a tag directing transport
to the periplasm (strain JCW10). In our standard assay for cell growth and for outer and inner
membrane permeabilization to GFP and Sytox orange [16], phase contrast and green and red

fluorescence images are captured alternately in time, with a cycle time of 12 s. We saw no
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evidence of membrane permeabilization to GFP and Sytox orange, at least up to Onc112
concentrations of 10 uM (10X MIC) over a period of 60 min. The phase contrast images remain
stable at least up to Onc112 concentrations of 20 uM over a period of 45 min, indicating little or
no loss of cytoplasmic components. There is no evidence of membrane disruption in our

conditions, consistent with earlier work.

4.3.2 Spatial distribution of ribosomes, EF-Tu and DNA after Onc112 treatment

For these experiments, cells were grown to exponential phase (OD ~ 0.2-0.4) in EZRDM
in culture tubes at 30°C. At that point we added Onc112 to 20 pM (20x MIC) and incubated the
culture for an additional 30-40 min before plating the cells for fluorescence microscopy. Such a
high concentration was used to ensure that essentially all of the cells were affected by Onc112
prior to observation by fluorescence microscopy. The modified VH1000 strains of E. coli and
their labeling schemes are described in Table A4.1. As before [20-23], to locate and track single
copies of ribosomal species (MSG196 strain, S2-mEos2 labeling) and of EF-Tu (tufAB strain,
mEos2 labeling) we use superresolution fluorescence microscopy (Methods). The gene
modifications are made on the chromosome, so that all copies of the protein of interest carry the
label. The doubling times of WT, MSG196, and tufAB strains in EZRDM at 30°C are 45 + 2
min, 49 £ 2 min, and 60 = 3 min, respectively. Labeling of the S2 protein has only a minor effect
on cell growth, whereas labeling of the protein EF-Tu causes a moderate growth defect of ~33%.
Fig. 4.2B compares the length distribution of cells growing normally in EZRDM with that of
cells treated with 20 uM Onc112 for 30-40 min. The distribution of the treated cells is shifted

towards smaller lengths, consistent with slowing and then halting of growth.
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In order to detect rapidly diffusing species on the same footing as slowly diffusing
species, we imaged single molecules at 2 ms/frame. In each camera frame we maintained a low
density of photoactivated mEos2, with 0, 1, or 2 copies per cell. The resulting single-molecule
trajectories are short, averaging only about 3 camera frames. For untreated cells in exponential
growth, the S2 protein is essentially always incorporated into a complete 30S ribosomal subunit.
However, the 30S subunits we track may occur as freely diffusing 30S copies searching for
translation initiation sites or as 30S subunits incorporated into translating 70S ribosomes,
typically part of a 70S-polysome chain [20, 22]. In earlier work on cells in exponential growth,
we analyzed EF-Tu trajectories as arising from a combination of slowly diffusing, ribosome-
bound copies and rapidly diffusing copies attributed to free EF-Tu or EF-Tu bound within

ternary complexes [21].

Examples of ribosome and EF-Tu trajectories using the same labeling schemes have been
shown previously [21]. In Fig. 4.3 we compare the cell-averaged ribosome and EF-Tu spatial
distributions in untreated, exponentially growing cells (Iength range 4-5 um) with those in cells
treated with 20 uM Onc112 for 30-40 min (length range 3-4 um). In each case the chosen range
lies near the peak of the length distribution (Fig. 4.2B). As observed before, in normal
exponential growth with 45-min doubling time, most cells exhibit three axially distinct
ribosome-rich regions (Fig. 4.3A) [20, 22]. The chromosomal DNA has segregated into two
lobes which sit in the valleys between the ribosome peaks. A histogram of the projected axial
positions scaled to each cell length shows the three ribosome peaks more quantitatively (Fig.
4.3E). The EF-Tu distribution may also have three axial peaks (Fig. 4.3C), but the dips between
the peaks are not nearly as pronounced as those for ribosomes. This is consistent with part of the

EF-Tu population being ribosome-bound at a given moment. The spatial distributions after
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Oncl12 treatment are markedly different. Now the ribosomes concentrate in the two endcaps
(Fig. 4.3B, F). The EF-Tu distribution again roughly mimics that of the ribosomes, but the dip

between nominal EF-Tu peaks is even less pronounced (Fig. 4.3D, F).

Our next goal was to image ribosomes and the chromosomal DNA in single cells after
Onc112 treatment to characterize the degree of DNA-ribosome segregation. For these widefield
fluorescence microscopy experiments, we used strain MSG192 (Table A4.1) in which the
ribosomal S2 protein is tagged with eYFP in the VH1000 background. This enables co-imaging
of the 30S ribosomal subunit using its YFP tag and the chromosomal DNA using the DNA stain
Sytox Orange. We studied 88 cells in this way; two representative single-cell images and their
axially projected ribosome and DNA linescans are shown in Fig. 4.4. In all cells, the ribosome
linescans again show two peaks at the endcaps. All the DNA linescans show a broad, centrally
located peak, typically with a small dip at cell center. There is little or no DNA in the endcaps,
where DNA-ribosome segregation is strong. The small dip in the DNA axial distribution
suggests the presence of two DNA lobes that are not well separated from each other. More
pronounced dips occur more often in longer cells. In all cases, the position of the central dip in
the DNA linescan corresponds to that of a small, third peak in the ribosome linescan. In
widefield images of untreated cells under the same growth conditions, we previously observed
substantially more complete spatial segregation of the two DNA lobes (Bakshi et. al. [20], Fig.
1). It appears that ribosome-DNA segregation is less severe in the nucleoid region of Onc112-

treated cells than in untreated cells.
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4.3.3 Diffusion of ribosomes and EF-Tu after Onc112, Cam, and Ksg treatment

The antimicrobial peptide Onc112 and the bactericidal drugs chloramphenicol (Cam) and
kasugamycin (Ksg) are all known to halt translation by binding to 70S ribosomes, but the
binding modes differ. Next we compare the average diffusive motion of the ribosomal species
and the EF-Tu species in untreated cells in exponential growth and in cells treated by Onc112,
Cam, and Ksg. The drug treatments used 300 pg/mL (20x MIC) of Cam for ~35 min or 5 mg/mL
(30x MIC) of Ksg for ~35 min, similar to the Onc112 treatment of 20x MIC concentration for
~35 min. To characterize the average diffusion coefficient of a species, we form trajectories that
track the centroid of each single-molecule image across consecutive 2-ms camera frames. We
analyze only trajectories that survive at least 7 camera frames (six steps) and truncate the longer
trajectories at the seventh frame. A mean-square displacement vs lag time plot MSD(x) is formed
by measuring the square of the displacement over the lag times t = 1 step, 2 steps, etc., and
averaging over all molecules in all cells. For free Brownian diffusion in two dimensions, MSD(r)
= 4Dmeant. We use the initial slope of the plot (first two data points) to provide an estimate of

Dmean and the y-intercept to provide an estimate of the average localization error c.

MSD(r) plots for ribosomes over 12 ms are shown in Fig. 4.5A. The downward curvature
is likely due to true sub-diffusion rather than confinement effects on the short timescale of the
observations. For 2 ms/frame imaging of ribosomes in untreated, exponentially growing E. coli,
we obtain Dmean = 0.40 + 0.10 pm?/s [21]. This is reasonably consistent with a smooth extension
of the strongly curved MSD plots observed previously on substantially longer timescales [24].

Onc112 treatment and Ksg treatment increase Dmean t0 0.74 + 0.09 um?/s (by 1.9x) and to 0.79 +
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0.21 um?/s (by 2.0x), respectively. Cam treatment yields Dmean = 0.48 + 0.11 pm?/s, only 1.2

times the result in normal growth.

In an attempt to resolve the ribosomal diffusive motion into sub-populations, the same
trajectories in untreated cells and in cells after Onc112 treatment were divided into individual
steps of 2 ms duration, providing the distribution of apparent single-step displacements Prino(r)
(Fig. 4.6). In Fig. A4.2, we directly compare the two Prino(r) curves; it is clear that ribosome
diffusion is faster for Onc112-treated cells, consistent with the MSD(r) plots. As before [21], we
model each Prino(r) distribution using a static two-state model which assumes that the
displacements arise from a composite of a slowly diffusing population and a rapidly diffusing
population that do not exchange on the 2-ms imaging timescale. The numerical model includes
confinement effects and localization uncertainty (Methods and [21]). The fitting parameters are
the diffusion coefficient of the slow population Dsiow, the diffusion coefficient of the fast

population Drast, and the fraction of slow copies fsiow; by subtraction, frast = 1 — fsiow.

For ribosomes in untreated cells the best-fit values are Dsiow = 0.10 + 0.10 um?/s, fsiow =
0.70 + 0.05, Drast = 1.2 + 0.5 pm?/s, and fast = 0.30 % 0.05, with y,2 = 0.67 [21]. For Onc112
treated cells, the best-fit values are Dsiow = 0.25 0.1 um?/s, fsiow = 0.46 + 0.05, Dsast = 1.3 £ 0.2
um?/s, and frast = 0.54 + 0.05, with .2 = 1.1. These results are collected in Table 4.1. Pribo(r) for
Onc112-treated cells differs from that of untreated cells primarily due to a shift in fractional
population from the slow state to the fast state. The underlying diffusion coefficients remain

sensibly constant.

The same MSD and one-step distribution analyses were applied to EF-Tu trajectories

obtained at 2 ms/frame from untreated cells and from cells treated with Onc112, Cam, and Ksg.
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The MSD(r) plots in Fig. 4.5B show that on average, EF-Tu diffuses faster in untreated cells
than in cells treated with Onc112, Cam, or Ksg. The latter three plots are quite similar in slope.
There is again downward curvature. The numerical results from the first two points are: Dmean =
2.02 +0.19 pm?/s for the untreated cells [21], 1.25 + 0.22 pm?/s after Onc112 treatment (1.6x
smaller than in untreated cells), 1.39 + 0.32 pm?/s after Cam treatment (1.5x smaller), and 1.52 +

0.26 um?/s after Ksg treatment (1.3x smaller).

The single-step distributions Per-tu(r) for untreated cells and for cells treated with
Onc112 and with Cam are compared in Fig. 4.7. These curves were fit to the same static two-
state model used for ribosomes. For EF-Tu in untreated cells, the best-fit results are: Dsiow = 1.00
+0.20 pm?/s, fsiow = 0.60 * 0.05, Drast = 4.9 = 1.2 pm?/s, and frast = 0.40 + 0.05, with .2 = 1.2
(Table 4.1) [21]. Consistent with the MSD plots, the two-state fits after Onc112 treatment and
after Cam treatment are very similar. For EF-Tu in Oncl12-treated cells, the best-fit results are:
Dstow = 0.50 % 0.10 pm?/s, fsiow = 0.72 + 0.05, Drast = 5.0 + 1.4 um?/s, and frast = 0.28 + 0.05, with
1? = 1.4 (Table 4.1). In comparison with untreated cells, Onc112 has decreased Dsiow by a factor
of 2.0 and mildly increased fsiow as well. The two-state results for Cam-treated cells are quite
similar to the results for Onc112-treated cells (Table 4.1). We obtain Dsiow = 0.60 + 0.2 pm?/s,
fsiow = 0.72 £ 0.05, Drast = 3.9 £ 1.3 um?/s, and frast = 0.28 + 0.05, with ,2 = 1.4. Finally, Per-ru(r)
after Ksg treatment closely mimics the curves after Onc112 and Cam treatment (Fig. A4.3). This

is consistent with the MSD plots. These diffusion results are interpreted in the Discussion.
4.3.4 Sub-diffusion of the DNA locus Right 2 after Onc112 and Cam treatment

To compare the local dynamics of the chromosomal DNA in untreated cells and in

Oncl12- and Cam-treated cells, we used the strain JCW154 (Table A4.1). In this strain the DNA
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locus Right 2 is labeled by the fusion protein ParB-GFP, which oligomerizes on a tandem array
of ParS sites adjacent to the Right 2 locus. At an imaging rate of 1 frame/s, we can monitor the
locus position with accuracy of ¢ ~ 30 nm over 600 frames = 10 min without significant
photobleaching. In Fig. 4.8 we compare mean-square displacement plots MSD(t) for untreated
cells, for Onc112- and Cam-treated cells, for cells treated with CCCP + 2-deoxy-glucose (which
depletes ATP by dissipation of the proton motive force and prevention of glycolysis), and for
cells 15 min after treatment with the antimicrobial peptide LL-37. These MSD plots show
negative curvature, the signature of sub-diffusive motion, as expected for the local dynamics of a
small segment of a large, confined polymer. The degree of curvature varies across the different
cases. To enable semi-quantitative comparisons on the 10-s timescale, for each MSD curve we
compute an apparent diffusion coefficient Dapp from the slope of the linear least-squares fit to the

first ten experimental points (Fig. 4.8B).

The numerical results are: Dapp = (2.0 + 0.2) x 10* um?/s for normal growth in the
exponential phase; (4.6 + 0.2) x 10~ um?/s after CCCP treatment; (6.6 + 2.4) x 10 um?/s after
LL-37 treatment; (6.6 + 0.6) x 10° um?/s after Cam treatment; and (8.8 + 0.6) x 10° um?/s after
Oncl12 treatment. All the treatments attenuate the jiggling motion of the Right 2 locus. The
human AMP LL-37 has the strongest effect, decreasing Dapp by a factor of 30 (almost no
detectable motion) compared with untreated cells. Treatment with CCCP + deoxy-glucose,
which destroys the transmembrane potential, decreases Dapp by a factor of 4. The effects of
Oncl112 and of Cam are comparable, decreasing Dapp by a factor of 2.3 and 3.0, respectively. We
previously suggested that LL-37 forms strong non-covalent, polycation/polyanion, “pseudo-
crosslinks” that bind the cationic peptide across nearby DNA strands, greatly rigidifying the

nucleoid. Onc112 and Cam have a much more modest effect.
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4.4 DISCUSSION

We have presented a substantial body of quantitative information comparing the long-
term (~35 min) effects of the PrAMP Onc112 and the antibiotics Cam and Ksg on the diffusive
behavior of several important cytoplasmic components. Onc112 shortens the average cell length
(Fig. 4.2B), redistributes the DNA and ribosomal spatial distributions (Fig. 4.3), maintain strong
DNA-ribosome segregation (Fig. 4.4), increases the average diffusion coefficient of ribosomal
species (Fig. 4.5A), and decreases the average diffusion coefficient of EF-Tu (Fig. 4.5B). The
effects of Ksg are quantitatively similar to those of Onc112 (Fig. 4.5). Cam treatment has a small
effect on ribosome average diffusion, but slows EF-Tu average diffusion quite similarly to
Onc112 and Ksg (Fig. 4.5). Here we use structural information for the Onc112, Cam, and Ksg

binding sites on the ribosome to make sense of the observed diffusive behavior in intact cells.

As depicted in Fig. 4.1A, Onc112 and Ksg bind within the peptide exit channel and in the
MRNA exit tunnel, respectively. Both species evidently must find their binding sites prior to the
onset of the elongation phase of translation. Once bound, they prevent further elongation events
while allowing already elongating 70S ribosomes to continue making protein. For mono-
cistronic genes, such 70S ribosomes will produce complete protein copies on a timescale of ~30
s, fall off the mRNA, and be recycled as 30S + 50S subunits. For poly-cistronic genes, which are
fairly commonplace in E. coli, on completion of an initial protein product the 70S ribosome will
either fall off the mRNA or search diffusively trying to find the next downstream Shine-
Dalgarno sequence, a process termed “70S-scanning initiation”. If there is no drug molecule
blocking the initiation of the elongation cycle, 70S may then go on to produce the next protein
prescribed by the mRNA sequence. In any event, after 20-30 min of Onc112 or Ksg treatment,

we would anticipate a net conversion of part of the normal population of “dense 70S-polysomes”
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to free 30S and 50S subunits and to “sparse 70S-polysomes”, as depicted for Onc112 in Fig.
4.1B. The subunits will diffuse faster than the dense polysomes; the sparse polysomes may also
diffuse faster than dense polysomes. Accordingly, we observe that the average diffusion
coefficient of ribosomal species increases substantially after treatment with Onc112 or Ksg (Fig.
4.5A). In addition, the two-state decomposition of Prino(r) indicates that the primary effect of
Oncl12 (Fig. 4.6) is to increase the fractional population of the more rapidly diffusing ribosomal
species (presumably 30S subunits), again in accord with the picture in Fig. 4.1B. We suggest that
Oncl112 and Ksg have very similar effects on ribosome diffusion because they alter the

composition of ribosomal species in much the same way.

In contrast, Cam can bind deep within the A-site crevice of all elongating 70S ribosomes
and halt translation by blocking accommodation of the next codon-matching aa-tRNA within the
peptidyl transferase center [11]. As before [12], we suggest that many dense 70S-polysomes are
retained long-term after Cam treatment, as depicted in Fig. 4.1C. As a result, Dmean for ribosomes

is changed very little by Cam.

For EF-Tu, we showed that before or after Onc112 treatment, the spatial distribution
mimics that of the ribosomal species to a degree, but the axial peaks and valleys are less well
defined (Fig. 4.3). This is consistent with substantial binding of EF-Tu—containing species to
those ribosomal species that segregate most strongly from DNA, presumably the remaining 70S-
polysomes. After all three treatments (Onc112, Ksg, and Cam), the mean diffusion coefficient of
EF-Tu—containing species decreases by a factor of 1.3-1.6. The two-state decompositions of
Per-tu(r) in untreated cells and in cells treated with Onc112 and with Cam indicate quantitatively
similar effects of Onc112 and Cam. Both drugs increase the fraction of the slowly diffusing

population (from 0.60 for untreated cells to 0.72 for treated cells) while decreasing Dsiow (from
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1.0 pm?/s to 0.5-0.6 um?/s). Importantly, for both treated and untreated cells, Dsiow for EF-Tu is
significantly larger than Dsiow for ribosomes in the corresponding condition (0.10 um?/s for

untreated, 0.25 um?/s after Onc112 treatment, Fig. 4.6).

Initial binding of ternary complexes to the 70S ribosome occurs on any of four L7/L12
binding sites flexibly tethered to the 50S subunit near the A-site (Fig. 4.1A) [25-27], where the
aa-tRNA within each ternary complex is tested for a codon match. For a given mRNA codon
poised at the 30S decoding site, the chance that a particular TC carries a cognate (completely
matching) aa-tRNA anticodon is roughly 1 in 40. Although the vast majority of aa-tRNAs fail
the codon matching test, in good growth conditions the average elongation rate can be as fast as
~20 aa/s (~50 ms per complete elongation cycle). This implies very rapid codon testing on a
timescale of ~1 ms or even less. Therefore testing and dissociation of non-cognate TCs from
their L7/L12 tethers must occur rapidly on the 2-ms timescale between our camera frames.
Accordingly, in our earlier work on untreated cells we suggested that the best-fit value of Dsiow
for EF-Tu was in fact a weighted average over slower diffusion of TCs bound to 70S ribosomes
and much faster, free diffusion of unbound TCs. In this interpretation, the smaller the value of
Dsiow for EF-Tu, the longer the time that each non-cognate TC spends bound to its L7/L12 tether
prior to dissociation. Our earlier work indicated that the four L7/L12 tethers are essentially
saturated with TC binders during fast growth. Presumably this helps provide a steady supply of
nearby TCs that can present themselves for codon testing very quickly each time the A-site

becomes available after rejection of a non-cognate TC.

Now we apply this same idea to EF-Tu diffusion after Onc112 or Cam treatment. Both
treatments result in significantly smaller values of Dsiow for EF-Tu compared with untreated cells.

The data then suggest that non-cognate ternary complexes (the vast majority) bind to L7/L12 for
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a substantially longer time period when codon testing at the A-site is blocked by the peptide or
antibiotic. In other words, the interaction of a tethered, non-cognate ternary complex with the A-
site during the codon-testing event somehow stimulates faster dissociation from L7/L12 than
would occur for TC dissociation from an isolated L7/L12 binding site. This is a qualitative
inference only. We could be more quantitative if we knew the ratio between EF-Tu and ribosome
copy numbers and the fraction of ribosomes occurring as 70S after treatment with each
antibacterial agent, as in [21, 23]. Rodnina, Lipowsky, and coworkers [28, 29] have developed a
detailed kinetics scheme for the branched, multi-step processes involved in ternary complex
binding, selection of cognate aa-tRNAs, and elongation of the growing peptide chain. Our
inference that the codon matching test at the A-site hastens the departure of non-cognate TCs fits
within their scheme quite readily. In normal growth conditions, direct dissociation of TCs from

L7/L12 tethers that are not interacting with the A-site need not be considered.

4.5 MATERIALS AND METHODS

4.5.1 Bacterial strains

Most of the strains used in this work (Table A4.1) contain modifications to the VH1000
background strain. The tufAB strain contains a C-terminus fusion of a photoconvertible protein,
mEos2, to the tufA and tufB genes, both of which express identical copies of EF-Tu. The
MSG196 and MSG192 strains contain a C-terminus fusion of mEos2 and YFP, respectively, to
the S2 ribosomal protein. The JCW154 strain is in MG1655 background. In this strain the Right2
locus of the chromosome is fused with a tandem array of parS sites. This strain also contains a
plasmid which expresses ParB protein fused with GFP. The construction details are given in our
previous papers. The description of the cells used and their corresponding doubling times are

given in Table A4.1.
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4.5.2 Cell growth and preparation for imaging

The cells were grown in a water bath shaker (New Brunswick Innova 3000, from
Eppendorf) maintained at 200 rpm and 30°C. Bulk cultures were harvested from frozen glycerol
stock solution and were grown in EZ rich defined medium (EZRDM) overnight until they
reached stationary phase. On the following day, the stationary phase culture was divided into
subcultures with at least 100-fold dilution in fresh EZRDM and again grown to exponential
phase (OD = 0.2-0.5). Cells were then plated on a poly-L-lysine coated coverslip equipped with a
CoverWell perfusion chamber (Electron Microscopy Science, PA) of well volume 140 L.
Untreated cells grow normally under these conditions for at least 30 min. For the different drug
treatments, when the bulk culture reached exponential phase the cells were treated with the
appropriate concentration of the drug and kept in the shaker for 30-40 min more. The drug
concentrations were as follows: 20 uM of Onc112 (20x MIC), 300 pug/mL of Cam (20x MIC)
and 5 mg/mL of Ksg (30x MIC). The cells were then plated as before. In all cases, the cells were

imaged within ~5 min of plating.

4.5.3 Superresolution and widefield imaging of live E. coli cells

Cells were imaged with an inverted microscope (model Eclipse-Ti, Nikon Instruments,
Melville, NY) equipped with an oil immersion objective (CFI Plan Apo Lambda DM 100x Qil,
1.45 NA), a 1.5x tube lens, and the Perfect Focus System. The localization and single-particle
trajectory analyses were performed as described earlier. For superresolution imaging, the
individual fields of view were imaged no longer than 20 s to minimize laser damage. Each
prepared sample was imaged for no longer than 30 min. During this period the untreated cells
continued to grow normally. The fluorescence images were recorded on a back-plane illuminated

electron-multiplying charge-coupled device (EMCCD) camera (Andor Technology, iXon DV-
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860, South Windsor, CT) at the rate of 485 Hz (2.06 ms/frame). The camera chip comprises 128
x 128 pixels, each 24 um x 24 um in real space. The effective pixel size after 150x magnification
i5$0.16 um x 0.16 pm.

For superresolution imaging of single molecules, the fluorescent protein mEos2 was
activated using a 405 nm laser (CrystalLaser, Reno, Nevada, CW laser); the photoconverted state
was subsequently excited with a 561 nm laser (Coherent Inc., Sapphire CW laser, Bloomingfield,
CT). Both lasers illuminated the sample for the entire duration of image acquisition.
Fluorescence was collected through a 610/75 bandpass filter (Chroma technology Corp, Bellows
Falls, VT). The 405 nm power density at the sample was ~5-10 W/cm?, which kept the average
number of activated molecules in each camera frame to ~1. The 561 nm laser power density at
the sample was ~8 kW/cm?.

For widefield imaging of S2-YFP, Sytox-Orange-stained DNA, and tracking of DNA
loci, the fluorescence images were obtained on a different EMCCD camera (Andor Technology,
iXon DV-897, South Windsor, CT). The camera chip consisted of 512 x 512 pixels, each 16 pm
X 16 um. The effective pixel size after 150x magnification is 0.106 pm x 0.106 pm. For dual
color experiments imaging S2-YFP (green channel) and Sytox Orange (red channel), piManager
[30] was used to obtain the data and to switch filters between frames using a LB10-NW filter
wheel (Sutter). The movies were obtained at 50-ms exposure time for each, with green
fluorescence (488 nm excitation), red fluorescence (561 nm excitation), and phase contrast
images. To minimize spectral bleed-through in the two-color experiments, we utilized the
narrower filters HQ510/20 for the green channel and HQ600/50M for the red channel. Laser
intensities at the sample were typically ~100 W/cm? at 488 nm and ~2.5 W/cm? at 561 nm. The

frame rate was 20 Hz (50 ms/frame).
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4.5.4 Cell length measurements

Tip-to-tip cell length was estimated from phase contrast images. For time lapse movies of
the Onc112 treated cell lengths (Fig. 4.1A), we used FIJI (ImagelJ) software to quantify the
change in cell length over time. The distribution of cell lengths under different growth conditions
(Fig. 4.1B) was obtained from the program Oufti using the parameters optimized for E. coli as
provided with the software [31]. Results from FI1JI and Outfi applied to the same image are
similar.
4.5.5 Single-molecule image analysis

The fluorescence images were analyzed using a MATLAB GUI developed in our lab, as
described previously [21, 23]. Noise was attenuated by two different digital filters. Fluorescent
signals were then identified using a peak finding algorithm with a user-defined single-pixel
intensity threshold. A particle is identified if the local intensity maximum is higher than the
threshold. The threshold is carefully chosen so that the algorithm can distinguish between
background and signal and avoid cutting trajectories unduly short.

Particles were located with sub-pixel resolution using a centroid algorithm. Rapidly moving
molecules have images that are blurred asymmetrically due to diffusion during the camera frame.
Centroid fitting can locate these particles with better accuracy than Gaussian fitting. The centroid
algorithm is also faster computationally. A 7 x 7 pixel box was drawn around the intensity
maximum and the centroid of all the pixel intensities within the box was calculated. The centroid
positions from successive frames were connected to form a trajectory only if the successive
locations lie within 3 pixel = 480 nm of each other. A modified MATLAB version of the

tracking program written by Crocker and Grier was applied to form the trajectories [32].
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4.5.6 Mean-square displacement plots MSD(t). For free diffusion in an infinite space, the
mean diffusion coefficient averaged over all molecules can be obtained from the mean-square
displacement (MSD) as a function of lag time t. Here MSD(t) =< (r(t + 1) — r(t))? >,
where r(t) is the two-dimensional location of the particle at time t, t is the lag time, and the
average is taken over all times t and over many trajectories. The slope of the first two points of
an MSD(z) plot provides an estimate of the mean diffusion coefficient: Dvean = Slope/4. The
localization error o can be estimated from the y-intercept of the plot [33]. For rapidly diffusing
species such as free EF-Tu or free ternary complexes imaged at 2 ms/frame, even 6-step (12 ms)
trajectories are significantly restricted by confinement. This contributes to downward curvature
of the MSD plot. Hence the estimated mean diffusion coefficient yields a lower bound of the true
Dwmean. T0 account for confinement, we use simulated numerical trajectories for our analysis of
single step displacement distributions P(r), as described next.
4.5.7 Monte Carlo simulations of diffusive trajectories

Even for a homogeneous sample in which all particles have the same diffusion
coefficient, there is no analytical formula for P(r) that includes confinement effects and
localization error. Instead, we simulate numerical diffusive trajectories using Monte Carlo
methods in a spherocylindrical volume. As described previously [21, 23], we fit the experimental
single-step displacement distribution P(r) with two-state (or three-state) simulated distributions
in order to account for confinement effects and localization error. We have assumed that the two
diffusive states have different localization errors, csiow and crast. The estimation of csiow and Gfast
is explained in detail in our previous papers. Then we simulate a large number of random walk
trajectories, each moving inside the spherocylinder with a particular diffusion coefficient D and

with localization error osiow Or ofast. Each set of simulations are carried out in a confining
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spherocylinder, which mimics the average dimension of an E. coli cell for a specific growth
condition and with a fixed D and ¢ and camera exposure time of 2 ms. For each parameter set,
we calculate 5000 6-step trajectories with molecules initially located randomly within the
spherocylinder. The sub-trajectory of each molecule during each camera frame is computed for
1000 microsteps of 2 us duration. The centroid of each resulting 2 ms sub-trajectory is
computed; localization error is included by sampling a Gaussian of appropriate . Trajectories
are formed by joining the resulting locations over time. The 5000 trajectories are then used to
compute a numerical single-step probability distributions Pmogei(r;D) for use in the least-squares
analysis of the corresponding experimental distributions.
4.5.8 Fitting of single-step P(r) distributions to static, two-state models

For every condition studied, experimental trajectories which lasted at least 6 steps were

selected for analysis; longer trajectories were truncated after the 6™ step. Each experimental

single-step displacement was calculated as r; = \/(xl-Jr1 —x;)%2 + (yi41 — ¥i)? ; these were
pooled from all trajectories to form the experimental distribution P(r). We fit the experimental
distribution P(r) to a weighted average of two static populations, in a least-squares sense. For
two states, the fitting function is Pmodei(r) = fslowP(r; Dsiow) + (1 — fsiow)P(r;Drast). Here the three
fitting parameters are Drast, Dslow, and the fractional population fsjow, Which in turn fixes frast = (1 —
fsiow). For all our fitting procedures, Dsiow Was sampled from 0.05 to 3 pm?/s with interval of 0.05
um?/s and Drast was sampled from 0.1 to 9 um?/s with interval of 0.1 um?/s. The goodness of
each fit was evaluated by calculating the reduced chi-square statistic (y,2). We generated a 3D
matrix of y,? values, with each axis representing one of the fitting parameters. The parameters
which gave the minimum y,2 were chosen as the best fit. The P(r) fitting and the error estimation

for the fitting parameters are explained in further detail in our previous papers [21, 23].
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Table 4.1. Fitting parameters for the different experimental conditions.
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Species imaged @ Drmean (UM?/s) P fsiow © Dstow (MM?/S) ¢ Drast (UM?/S) ¢ )% °
Ribosome 04+0.1 0.70+£0.05 0.1+0.1 1.2+0.5 0.67
(untreated) [21]
Ribosome 0.74 £ 0.09 0.46 + 0.05 0.25+0.10 1.3+0.2 11
(Oncl12 treatment)
Ribosome 0.48 £0.11 - - - -
(Cam treatment)
Ribosome 0.79+0.21 - - - -
(Ksg treatment)
EF-Tu 2.02+£0.10 0.60 £ 0.05 1.0+0.1 49+12 1.24
(untreated) [21]
EF-Tu 1.25+0.22 0.72£0.05 05+0.1 5.0+0.14 1.43
(Onc112 treatment)
EF-Tu 1.39+0.32 0.72 £0.05 06+0.2 3.9+0.13 1.38
(Cam treatment)
EF-Tu 152 +0.26 - - - -
(Ksg treatment)

& All are in VH1000 background, grown in EZRDM at 30 °C.

b From initial slope of MSD plots (Fig. 4.5).

¢ Best-fit parameters from two-state fitting of Per.tu(r) histograms (Fig. 4.6 and 4.7). Fractional
population of the fast state is frast = (1 — fslow). .7 is the reduced chi-square statistic for the best

fit.
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Figure 4.1. A) Schematic of the Onc112, Cam, and Ksg binding sites within a 70S ribosome.

Oncl12 binds to the peptide exit channel. Cam binds at the A-site cleft. Ksg binds at the mMRNA
tunnel. B) Onc112 prevents the transition from initiation to elongation. Most 70S ribosomes that
are already elongating when Onc112 binds will complete their protein and dissociate to 30S and

50S. C) Cam halts translation of all 70S ribosomes, including those in the elongation phase.
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Figure 4.2. Average cell length change vs time for VH1000 WT cells after the onset of flow of
different concentration of Onc112. Cell lengths obtained from phase contrast images are
normalized to the length at time 0: L(t)/Lo. Oncl112 was injected at 1 min. Effects of Onc112

become noticeable at t ~ 5 min after injection.
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Figure 4.3. A) and B) Superresolution spatial distributions of ribosomes in normal growth
conditions and 40 min after the onset of Onc112 treatment. 4-5 um long untreated cells and 3-4
um long Onc112 treated cells were used to obtain the spatial distributions. Positions obtained
from ~100-200 cells are combined to form the composite distribution. C) and D) Analogous
spatial distributions of EF-Tu in normal growth conditions and 40 min after the onset of Onc112
treatment. E) Axial projections of the distributions shown in A and C. F) Axial projections of the

distributions shown in B and D.
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Figure 4.4. Top row: Phase contrast cell images and widefield fluorescence images of DNA

(Sytox Orange staining) and ribosomes (S2-eYFP labeling) for two different cells treated with

Oncl12 for at least 30 min. Bottom row: Axial projections of the widefield fluorescence images.
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Figure 4.5. A) MSD(t) plots for ribosomes labeled with the photoswitchable protein mEos2
under different conditions. Average diffusion coefficients Dwmean are obtained from the slope of
the line through the first two data points as shown. Results are collected in Table 4.1. B) As in
panel A, MSD(7) plots for EF-Tu labeled with mEos2. See text and Table 4.1 for average

diffusion coefficients Dwean are collected in Table 4.1.
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Figure 4.6. Single-step displacement distributions Prino(r) from single-molecule trajectories (2
ms/frame) of ribosomes labeled by S2-mEos2. Also shown are least-squares best fits from a
static, two-state model. A) Ribosomes in normal growth conditions. B) Ribosomes ~35 min after

treatment with 20 uM of Onc112. See text and Table 4.1 for details.
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Figure 4.7. Single-step displacement distributions Per-tu(r) from single-molecule trajectories (2
ms/frame) of EF-Tu-mEos2. Also shown are least-squares best fits from a static, two-state
model. A) Normal growth conditions. B) After ~35 min of treatment with 20 uM of Onc112. C)

After ~35 min of treatment with 300 pg/mL of Cam.
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Figure 4.8. MSD(1) plots from trajectories of the DNA locus Right2 using the parS-ParB-GFP

system with imaging at 1 frame/s. Results for untreated cells are compared with those for cells

treated with CCCP + 2-deoxy-glucose, LL-37, Onc112, and Cam as described in text. A) Lag

times from 0-100 s. B) Expanded view of the first 10 s. An apparent diffusion coefficient Dapp IS

obtained from a linear fit to the first 10 points. The numerical results are: Dapp = (2.0 £ 0.2) x 10°

4 um?-s' for normal growth in exponential phase; (4.6 + 0.2) x 10° pm?-s™ after CCCP
treatment; (6.6 * 2.4) x 10°® um?-s? after LL-37 treatment; (8.8 + 0.6) x 10 pm?-s™ after

Onc112 treatment; and (6.6 + 0.6) x 10° um?-s* after Cam treatment. See text for details.
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4.8 Appendix:

4.8.1 Tables and figures:

Table A4.1: E. coli strains and doubling times in EZRDM at 30°C.

Strain label Description Doubling time (min)
VH1000 The background'straln. Most of the
labeled strains are in same background.
tfAB Both tqu.and tufB chromosorr_lally labeled 60 + 3
with mEos?2 at C-terminus.
rpsB (ribosome S2 protein)
MSG196 chromosomally labeled with mEos?2 at C- 49 + 2
terminus.
rpsB (ribosome S2 protein)
chromosomally labeled with eYFP at C-
MSG192 terminus. (The doubling time for same 54 [1]
construct in MG1655 is reported)
Right2 locus of the chromosome is labeled
with parS sites. ParB-GFP is expressed N
JCW154 from a plasmid. This strain is in MG1655 4712]
background.

45 + 2
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0.167
0.031

Fig A4.1: The OD values are shown in the heat map.

0.044
0.043
0.045
0.045
0.038
0.044
0.156
0.034

0.043
0.042
0.045
0.044
0.038
0.043
0.158
0.032

0.04

0.04
0.042
0.042
0.037
0.042
0.162
0.033

0.039
0.039
0.04
0.041
0.036
0.041
0.16
0.03

0.039
0.038
0.039
0.039
0.038
0.041
0.251
0.032

0.039
0.038
0.039
0.039
0.037

0.04
0.176
0.032

0.039
0.038

0.04
0.039
0.042
0.049
0.179

0.03

0.041
0.042
0.049
0.047
0.066

0.06
0.186
0.031

0.062
0.064
0.134

0.11
0.066
0.068
0.182
0.032

0.128
0.138
0.212
0.202
0.082
0.076
0.181
0.032

0.201 Onc112 (VH1000)
0.179 Onc112 (VH1000)
0.209 Onc112 (JCW10)
0.21 Onc112 (JCW10)
0.082 Kan (VH1000)
0.091 Kan (JCW10)
0.198 VH1000 ( Col 1-6) and JCW10 (Col 7-12)
0.032 EZRDM only

MIC was tested for 2 strains — VH1000

WT strain and JCW10. The MIC value was chosen as the minimum concentration of Onc112 for

which there was no appreciable growth of cells after 6 hours.
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Fig A4.2: The Prino(r) for untreated and Onc112 treated cells. The ribosome single step
displacement distribution of Onc112 treated cells is noticeably faster than that of untreated cells.

This indicates there are more free ribosomes in Onc112 treated cells.
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——EF-Tu Onc112
0.04 - —— EF-Tu Chloramphenicol
—— EF-Tu Kasugamycin
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Fig A4.3: The Per-1u(r) for Oncl112, Cam and Ksg treated cells. The EF-Tu single step
displacement distribution for all the cells are identical. This indicates the effect of all the drugs

on the EF-Tu dynamics is similar.
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Chapter 5

Future Directions
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In this thesis, | have detailed our work on understanding the role of EF-Tu in the
Translation process. EF-Tu initiates the elongation cycle by bringing an aatRNA to the
ribosomes as a ternary complex. Numerous studies have been performed over the years to
understand this process. However, it has not been possible to obtain the actual spatio-temporal
dynamics picture of such processes till the development of superresolution microscopy. The in
vitro experiments over the years have deciphered the steps involved in the elongation cycle, but
the rates associated with these steps don’t portray the actual picture. The rates are too slow for
the elongation cycle to complete in ~50 ms. Our measurements suggest, the interaction of ternary
complex with ribosomes is extremely short lived. This is also comparable to the theoretical rate
estimate. Another aspect of our research was to study how Onc112, a proline rich AMP, affects
the translation process. This antibacterial drug has a different mode of interaction with the
ribosomes compared to antibiotics like Chloramphenicol (Cam) and Kasugamycin (Ksg).
However, our measurements show all these drugs share both similarities and dissimilarities on
how they affect the elongation process. Along these lines, these are still a lot of information
about the Translation process which eludes us. By using superresolution imaging, it is possible to
gain much better understanding of the elongation cycle dynamics. In future, we plan to pursue

the following research:

5.1 Studying elongation factor G (EF-G) dynamics in live E. coli:

EF-G is the translation factor which binds to the ribosome after the aatRNA match has been
found and EF-Tu has dissociated from the ribosome. EF-G helps with the translocation of the
tRNA and mRNA from the A to the P-site. Thus, to understand the elongation cycle completely,
it is important to understand the EF-G spatio-temporal dynamics in live cells. Like EF-Tu, EF-G

isa GTPase, i.e, it undergoes GTP hydrolysis to perform its enzymatic action. But unlike EF-Tu,
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EF-G always undergoes GTP hydrolysis as it only binds when a matching tRNA is found. Thus,
studying the EF-G dynamics will give us a proper insight into the rate of GTP hydrolysis, which

is the slowest step in the elongation cycle.

5.2 Studying EF-Tu dynamics in stationary phase cells:

All our experiments were done when bacteria reach the exponential phase of its growth. But in
most practical scenario, bacteria stay in the stationary phase. In this phase, the cellular dynamics
changes drastically. Most of the cellular processes slow down or stop completely. We want to
study what is the fate of the elongation cycle in stationary phase. Preliminary data indicates that
the unbinding of EF-Tu from the L7/L12 protein slows down significantly. This slowdown can

affect the rate of all consecutive steps in the cycle.

5.3 Probing the effect of Apil37 on the translation process:

Apidaecin137 (Apil37) is a proline rich AMP (PrAMP), like Onc112. Apil37 shares some
similarities with Onc112. It is a short peptide with net positive charged. It also binds to the
peptide exit channel of a ribosome. However, the effect of Apil37 on the Translation process is
very different compared to Onc112. Apil37 stops the termination step of Translation by
inhibiting release factor activity. As, only little details are available on PrAMP functions in-vitro
and in-vivo, it is important to gain more insight into these antimicrobial agents. Studying Apil37
should give us more information about the structural and other physical characteristics of the

PrAMPs which lead to difference in their activity.
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Chapter 6:

Why is protein production so efficient?

Communicating research to a non-scientific audience as a part of the Wisconsin Initiative for
Science Literacy (WISL) program.
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| greatly appreciate the initiative taken by WISL, which allows me and many others to explain
our research to a non-scientific audience. All scientific research is done with the goal of being useful to
many people. Thus, it is imperative that we get to communicate our findings with others. Thanks to all the

members of WISL for providing this platform.
6.1 What kind of chemistry do | do?

Technically, | am a physical chemist, but my research is mostly biological. Thus, | am,
more appropriately, a Biophysicist! In physical chemistry, we try to understand how different
materials or substances interact with one another. Materials can interact in many ways — similar
particles can interact among themselves, or two different particles can interact and lead to the
formation of a new substance, etc. Physical chemists are mostly interested in how fast or strong
the interactions are, or what kind of energy change is involved, or some other observables like
how many particles are interacting. However, as | stated above, | study mostly biological
substances, specifically the interactions of different proteins — the entire dynamics of their
interaction. This might still seem vague but hopefully should be clearer in the following

paragraphs.
6.2 What is my research about?

Our lab — The Weisshaar lab, is dedicated to learning how different biological systems
function inside any organism. The smallest block in every organism where complex biological
processes occur is a cell. Each cell consists of DNA, RNA and many different proteins. Some
examples of these processes are - making different proteins, uptake of nutrients, changing the
form of the nutrients, making another copy of DNA, etc. Different cellular systems or machinery

carry out different processes and each system includes multiple proteins working together, each
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with a different function. The number of cells in an organism vary — Humans have billions of
cells in our body, but bacteria only has a single cell. Many of these processes in different
organisms share quite a lot of similarities. Thus, we chose our model organism to be a specific
bacterium called E. coli, as this is a relatively simple system to study. There are different ways to
approach the question of understanding cellular processes and the most obvious or the most
popular approach is to lyse the cell or disintegrate the cellular membrane by physical or chemical
means, which spills all the cellular content. This method allows us to study only that specific
protein system. This approach is called in vitro study. This approach can also be described as
studying a specific cellular system outside the cellular environment. In vitro experiments give us
a lot of control over what we are studying and has helped the whole scientific community learn a
lot about these systems. Scientists have figured out how fast different proteins can interact with
one another to carry out their biological functions. Even though it is important to know the rate
of such interactions, the results from these experiments can be significantly different from the
actual rates. The major issue with such experiments is that the cellular environment can be very
different from the in vitro environment. This environment plays a major role in determining how
fast a protein can move and find its interacting partner. Crowding can slow the motion of a
protein but can also bring its interacting partner closer. It has also been observed that the binding
interaction between proteins is stronger inside cells compared to in vitro [1]. Our lab’s research
has been focused on studying the live cell dynamics of different cellular processes. My research
has been focused on understanding the dynamics of a specific process called Translation inside

live cells.
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Easier to find the
binding partner
because of crowding

[In vivo or inside a live ceIIJ In vitro

Fig 6.1: A) Cartoon representation of protein interaction inside a bacterial cell. Due to crowding

from other proteins, the rate of protein interaction can increase as they can come closer to each
other. B) Cartoon representation of in vitro conditions. In this example the rate of interaction is

significantly lower in in vitro conditions. Proteins are not drawn to scale.

6.3 What technique do we use?

A very efficient way to visualize what happens inside a live cell is by fluorescence
imaging. To understand this technique, we should have some background about fluorescence.
There are certain materials that when illuminated by light of a specific color, absorb that light
and emit light of a different color. This emission is called fluorescence. Not all materials show
fluorescence. The ones that do are called fluorophores. Many materials are fluorophores,
including some proteins. For our imaging experiments, we attach a fluorescent protein to the
protein we want to study, and now the fluorescent light can show us how the protein of interest is
moving around. We look at these fluorescence emissions under a microscope to understand the

dynamic behavior of the protein.
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This seems very straightforward and an efficient way to study protein dynamics. But this
technique has a huge limitation — the resolution. Anything smaller than ~250 nm cannot be seen
under a microscope [2]. They appear as a blob of 250 nm radius. To give a perspective of the
size, human hair is around the thickness of ~0.1 mm (1 mm = 1,000,000 nm), which is around
400 times larger than this resolution limit. Thus, substances as small as hair can easily be seen in
a microscope. Then what is the issue? Well, the average protein size is around 2-10 nm. Thus, it
is around 10,000-50,000 times smaller than the thickness of human hair. Also, a bacterium itself
is around 4 um long and 1 pm thick (1 um = 1,000 nm). Thus, it is 100 times smaller than hair.
The proteins inside the bacteria are not very far apart and usually there are thousands of them.

So, it is very difficult to tell them apart by fluorescence microscopy.

In 2006, three research groups had a breakthrough in the resolution limit problem of
microscopy [3-5]. They had figured out a way, by using special fluorophores or fluorescent
proteins, to achieve resolution around 30 nm. Now, there was a way to study these protein
interactions inside the crowded bacterial cell. This superresolution imaging technique was called
Photoactivatable Localization Microscopy (PALM). Prof Eric Betzig received the Nobel Prize in
2014 for its development. For my research, | use the PALM technique to visualize translation of

specific proteins in a cell and understand their dynamics inside the live cell.



168

A B C

Microscope

\o) f
> i

~~

s
small protein ~

O30

_ o Conventional microscopy  Superresolution microscopy
Diffraction limited spot

Fig 6.2: A) When the fluorescence of a small protein is viewed under a microscope, it appears as
a giant blob of light. This limits our ability to differentiate 2 proteins when they are close to each
other. B) Figure showing how the fluorescence image of two small proteins present very close to
each other inside a bacterial cell will appear. The yellowish orange region represents the

fluorescence image. C) Figure showing how the fluorescence image of the same proteins look by

using superresolution microscopy. Now, it is much easier to track individual proteins.

6.4 What is translation and what have | discovered?

Translation is an essential and complex process in which new proteins are formed in a
cell. The process involves numerous different proteins working in tandem. The most important
component involved in translation is called a Ribosome. Ribosomes are huge complexes made
up of both proteins and RNA. They are the largest component of a bacterial cell. The term DNA
might be familiar to most. It is the genetic material inside every organism. Differences in DNA
among individuals lead to differences in physical features, etc. There is another material which is
like DNA inside every organism called RNA. RNA is produced from DNA by a process called
transcription. Similar to DNA, RNA is coded to determine which proteins should be produced
and in what quantity. When RNA is formed, they travel to the ribosomes, which then decode the

RNA and make proteins. Many proteins help the ribosomes in this process. One such protein is
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Elongation Factor-Tu (EF-Tu). EF-Tu binds to a specific region of a ribosome and helps start the

protein making process [6].

o -
EF-Tu

mMRNA
Ribosome

)

Newly formed protein

Fig 6.3: Schematic representation of how the translation process works. Ribosome binds to the
MRNA (messenger RNA) and EF-Tu binds to the ribosome to start the translation process. The

product is a newly formed protein.

| used PALM to study how exactly EF-Tu interacts with ribosomes and found few,
previously unknown, interesting components in the Translation pathway. First, | was able to
estimate the speed of this interaction, which helps us understand the rate of the entire translation
process. My measured rate was drastically different from the rate measured by in vitro
experiments, which were deemed to be very slow. | also observed that multiple EF-Tu can bind
to the same ribosome, which helps us understand why Translation process is so efficient and why

the rate of translation is so high [7].

After developing a proper understanding of the EF-Tu dynamics in live cells, I tried to

understand if the motion of EF-Tu in the bacteria had any effect on the rate of translation overall.
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These proteins move around in a cell crowded by thousands of different proteins and must find
their target efficiently. Thus, the crowding can change the rate of the cellular processes. To
verify this hypothesis, | changed the cellular crowding by changing the growth conditions of the
bacterial cells and measured the EF-Tu dynamics in the different conditions. Surprisingly, the
dynamics hardly changed even though the overall translation rate changed significantly. This

showed that the translation rate was independent of the motion of EF-Tu in a cell [8].

Bacterial resistance to antibiotics is one of the global challenges we face. Many scientists
are doing research to develop new means to kill bacteria. | wanted to contribute to this effort
with my knowledge of the Translation process. | started doing experiments to understand how
different antibiotics or antimicrobial peptides affect this process. As I stated, translation is an
extremely important process which occurs in every cell. Stopping this process can lead to
bacterial death. To stop bacterial infections, scientists have developed numerous antibiotics to
target the translation process. But our understanding of their effect isn’t perfect. Thus, I studied a

few such anti-bacterial materials to understand their effect on EF-Tu and ribosome dynamics.
6.5 What is the significance of my research?

Translation is one of the most important processes occurring in a cell: it determines
which proteins will get produced in what quantity. These proteins, in turn, contribute to the
proper functioning of the cell or the organism itself. Thus, it is important to understand how
Translation occurs. Even though much research has been done to understand the translation
process, our understanding of it is far from perfect. Also, most of these studies were done in
vitro, which might not represent the actual picture. My findings shed light on this important

process. | have reported how fast the EF-Tu — Ribosome interaction can occur and why the
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translation process is very efficient. I also show how different the actual rate can be compared to

the in vitro experiments.

The other part of my research was focused on understanding the difference in the effects
of different anti-bacterial agents on the translation process. A lot of research is being done to
produce different anti-bacterial drugs, but their exact effect is unknown. It is important to
understand how different physical characteristics of these drugs — like structure, if they can or
cannot function in water (called hydrophilicity or hydrophobicity, respectively), etc. - can lead to
very different effects. If we can understand how different physical characteristics of drugs create
specific effects, we can optimize those drugs to make them more efficient. By studying these
characteristics and their effects, we may also be able to discover unknown steps in the translation
process. | found one such step in the EF-Tu binding process, which is important in the overall

mechanism.

Understanding processes like Translation is vitally important because this knowledge
paves the path for drug development. Much research centers on treating bacterial infections, and
as mentioned above, many of the drugs lose their efficacy in a short period of time. Thus, newer
drugs are developed to target other functional aspects of the bacterium. By understanding these
vital processes, we can develop newer targets to combat bacterial infections. Also, understanding
the mechanism of current antibacterial drugs can help us optimize their functionality, increasing

their antibacterial potency.
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